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vAbstract
Ultra-luminous infrared galaxies (ULIRGs, with infrared luminosity greater than 1012 L⊙)
are a population of the most intensely star-forming galaxies in the local universe, with star
formation rates (SFR) of 100-1000 M⊙ yr−1. They are thought to represent rapidly grow-
ing phase of massive galaxies before quenching of their star formation by the feedback
eﬀect of stellar wind and/or AGN outflow, and both of star formation and AGN show
their peak activities during ULIRG phase. Although their contribution to the cosmic star
formation rate density (SFRD) is low in the local universe due to their low number den-
sity, ULIRGs start to dominate the cosmic SFRD in the high redshift universe at z > 1.
Therefore ULIRGs are an important population to understand the growth of supermassive
blackholes (SMBH) and their host galaxies.
In order to understand the stellar population and outflow properties of ULIRGs to ex-
amine the merger-induced evolutionary scenario, we construct a 90 µm flux limited catalog
of 1028 ULIRGs, which are selected from the AKARI FIR all-sky survey by utilizing the
SDSS optical and WISE MIR imaging data. 203 out of the 1028 ULIRGs are spectroscop-
ically identified by SDSS and Subaru/FOCAS observations, in which 149 ULIRGs possess
galaxy dominated optical spectra. The sample is unique since it is a statistical sample of
far-infrared (FIR) selected galaxies with reliable identification from middle-infrared (MIR)
pointing, and includes the ULIRGs with broad emission lines which suggest fast outflows.
A self-consistent spectrum-SED decomposition method, which constrain the stellar pop-
ulation properties in the SED modeling based on the fitting result of the spectrum, has
been developed for a detailed analysis for the 142 ULIRGs with galaxy dominated spectra.
They are identified as the most massive galaxies (Mstar ∼ 1011M⊙-1012M⊙), associated
with intense star formation activity (SFR∼ 400M⊙ yr−1). 12 ULIRGs possess SFR ex-
ceeding 1000 M⊙ yr−1 and the ULIRG, J115458.02+111428.8, even shows SFR up to 5000
M⊙ yr−1, indicating one of the most intense starbursts at z ∼ 0.5. The ULIRGs cover a
large range of AGN activity, with bolometric luminosity from 1010 L⊙ to 1013 L⊙, and the
outflow velocity measured from [Oiii] 5007Å emission line shows a significant correlation
with the AGN bolometric luminosity. Several galaxies show extremely fast outflow with
vout close to 2000 km s−1. The outflow velocity of five ULIRGs even exceeds the escaping
velocity of the host halos. However, the co-existence of the strong outflow and vigorous
starburst suggests that the star formation has not yet been quenched by the outflow dur-
ing the ULIRG phase. By deriving distributions of stellar mass, SFR, mass fraction of
young stellar population, and dust extinction, we find no significant discrepancies between
the properties of stellar population in ULIRGs with weak and powerful AGN. The results
are not consistent with the merger-induced evolutionary scenario, which suggests that the
early-stage SF dominated ULIRGs show younger stellar populations and smaller stellar
mass compared to the late-stage AGN dominated ULIRGs.
In order to examine the nature of candidates of ULIRGs below the SDSS spectroscopy
survey limit, we have been conducting the spectroscopic follow-up observations with FO-
CAS on the Subaru telescope. Among seven optically-faint ULIRGs, we found a ULIRG,
AKARI-FIS-V2 J0916248+073034, which indicates signatures of an extremely strong out-
flow in its emission line profiles. Its [Oiii] 5007Å emission line shows FWHM of 1830
km s−1 and velocity shift of −770 km s−1 in relative to the stellar absorption lines. Further-
more, low-ionization [Oii] 3726Å 3729Å doublet also shows large FWHM of 910 km s−1
and velocity shift of −380 km s−1. The long-slit spectroscopy 2D image shows that the
outflow extends to radius of 4 kpc. The mass outflow and energy ejection rates are esti-
mated to be 500 M⊙ yr−1 and 4× 1044 erg s−1, respectively, which imply that the outflow
is comparable to the most powerful ones observed in ULIRGs and QSOs at 0.3 < z < 1.6.
vi
However, the central AGN activity estimated from the SED decomposition is relatively
weak. One possible scenario is that currently the AGN is in a fading status, while the
outflow reflects a long term eﬀect of the central engine. The results suggests the possibility
of another evolution sequence, in which the AGN decays before the termination of the star
formation in the host galaxy, and indicates that the cumulative eﬀect of AGNs feedback
on the star formation in the host galaxy could be limited.
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1Chapter 1
Introduction
1.1 Discovery of Ultra-Luminous Infrared Galaxies
1.1.1 What are Ultra-Luminous Infrared Galaxies?
The Ultra-Luminous Infrared Galaxies are galaxies with infrared luminosities (LIR, usu-
ally integrated in the range of 8–1000µm) between 1012 L⊙ and 1013 L⊙. They belong
to the categories of IR-bright galaxies that emit the majority of their radiation in in-
frared (IR) wavelength range. Galaxies with 1011 < LIR ≤ 1012 L⊙ are named Luminous
Infrared Galaxies (LIRG). Galaxies with LIR exceeding 1013 L⊙ and 1014 L⊙ are called
hyper-luminous infrared galaxies (HyLIRGs) and extremely luminous infrared galaxies
(ELIRGs), respectively. Although the IR-bright galaxies are firstly found in the late
1960s, they were not well understood until the 1983 launch of the Infrared Astronomical
Satellite (IRAS; Neugebauer et al., 1984), which surveyed 96% of the sky at at 12, 25,
60, and 100 µm wavelengths. IRAS detected nearly 250000 extragalactic sources, most
of which had not been previously detected in the optical band, and resulted in the con-
crete discovery of IR-bright galaxies as a new class of galaxies. The further populations
of IR-bright galaxies were observed by the Infrared Space Observatory (ISO, Lemke et al.,
1996), the Spitzer Space Telescope (Rieke et al., 2004), the Infrared astronomical satellite
AKARI (Murakami et al., 2007), the Wide-field Infrared Survey Explorer (WISE, Wright
et al., 2010), and the the Herschel Space Observatory (Griﬃn et al., 2010) photometri-
cally and / or spectroscopically from middle-IR (MIR) to far-IR (FIR) wavelength ranges;
as well as by the ground-based instruments, e.g., Submillimeter Common User Bolometer
Array-2 (SCUBA-2, Holland et al., 2013) on the James Clerk Maxwell Telescope (JCMT)
and Atacama Large Millimeter Array (ALMA) in sub-millimeter (submm) wavelength
range. Studies combining the IR/submm and optical observations reveal that ULIRGs
are commonly triggered by galaxy interactions and mergers, and the the energy sources
of ULIRGs’ IR radiation are compact nuclear starbursts and / or highly obscured active
galactic nuclei (AGN; e.g., Sanders et al., 1988; Veilleux et al., 2009).
The IR and submm surveys reveals that the space density of ULIRGs peaks at z ≃2-2.5
(Chapman et al., 2004; Chapman et al., 2005), which roughly coincides with the peak epoch
of the growth of super-massive black holes (SMBH; e.g., Hopkins et al., 2007). Although
their contribution to the cosmic star formation rate density (SFRD) is low in the local
universe due to their low number density, ULIRGs start to dominate the cosmic SFRD in
the high redshift universe at z > 1 (e.g. Goto et al., 2011). These discoveries suggest that
ULIRGs are the galaxies undergoing mysterious phases of intense IR radiation on their
way to the most massive galaxies seen in the local universe. Therefore, understanding the
nature and evolution of ULIRGs is inevitably necessary for further comprehension of the
formation and evolution of the overall galaxy population.
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1.1.2 Energy source in ULIRGs: nuclear starbursts and AGN
Although the blackbody radiation of stars and the free-free continuum of nebular gas can
contributes to the IR radiation of the galaxies, it is usually considered that the bulk of the
large IR luminosities emitted by ULIRGs is produced by the dust surrounding stars, which
absorbs the UV-optical radiation of the stars and re-emits in IR wavelength range (e.g.,
Sanders & Mirabel 1996). A series of dust models have been developed to describe the
dust radiation and its properties in IR-bright galaxies (e.g., Dale and Helou, 2002; Draine
and Li, 2007; Galliano et al., 2008; Jones et al., 2013). The majority of the interstellar
dust consisting of the grains from several nanometers to hundreds of nanometers are at
the local thermal equilibrium with the heating radiation field, they are heated to 25–40
K (e.g., da Cunha et al., 2010) and dominates the bulk of the radiation in FIR range,
e.g., 60–100 µm. A small part of the dust consists of the grains with size smaller than 1
nm (e.g., the polycyclic aromatic hydrocarbon (PAH)), which is out of the local thermal
equilibrium due to its small size and stochastically heated by interstellar radiation fields,
contributing to the MIR radiation around 3–20 µm. The dust radiation of the galaxies
is considered to be related with the stellar populations, since it is believed that the old
stars are directly exposed in optically-thin, diﬀuse dust and the young O/B stars are
embedded in optically-thick natal clouds. The later case is dominant in ULIRGs because
of the intense star formation activity. The scenario makes it possible to connect the star
formation rate (SFR) with the FIR luminosity with the assumption that almost all of the
UV-optical radiation of the young stars (10–100 Myr) are extinct by their birth clouds
(Kennicutt, 1998).
In addition to the dust surrounding stars, the IR radiation of ULIRGs can also originate
from the dust in the vicinity of AGN. AGN is the compact region (∼ 100 pc) around the
super massive blackhole (SMBH) in the center of a galaxy. Within the widely adopted
unified model of AGN (Antonucci 1993, Urry & Padovani 1995), the radiation of AGN
originates from the accretion of matter by the SMBH through the accretion disc, which
resides inside a geometrically thick and optically thick, torus-like dusty structure. The
UV-optical radiation from accretion disc is absorbed by the torus and then re-emitted as
thermal radiation of the torus, with the bulk of the radiation around 10–40 µm (e.g., Fritz
et al., 2006; Mullaney et al., 2011; Stalevski et al., 2012). Since the dust in the inner
edge of the torus (0.5–1 pc scale) can be heated up to the sublimation temperature, e.g.,
1000–1500K, the torus component usually shows a significant MIR excess at ∼ 3µm in
the spectral energy distribution (SED) of the galaxy, which is commonly used as one of
the indicators to identify the AGN activity in a galaxy.
The diﬀerent dominating wavelength ranges and features of radiation from interstellar
dust and torus make it possible to determine the relative intensity of starbursts and AGN
in ULIRGs. Sanders et al. (1988) classified the ULIRGs as warm (f25/f60 > 0.2, where
f25 and f60 represent the IRAS flux densities at 25 µm and 60 µm, respectively) and cool
(f25/f60 ≤ 0.2) ULIRGs according to their MIR-FIR colors, and found that most of the
warm ULIRGs have an AGN optical classification (see also Kim et al. 1998). Detailed
classifications have been performed by the decomposition of the MIR spectra, in which
the PAH line features are employed to separate the star-forming component from AGN
component (e.g., Veilleux et al., 2009; Kirkpatrick et al., 2012; Ichikawa et al., 2014),
and the multi-band SED fitting, in which the UV/optical radiation of stars and AGN are
connected to IR dust emission through the conservation of the absorbed and re-emitted
energy by dust (e.g., da Cunha et al., 2010; Małek et al., 2017). The classifications
are helpful to study the dominating heating mechanism, and to further understand the
correlation between star formation and AGN activities in ULIRGs.
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Figure 1.1: The SED of a typical star-forming galaxy (Galliano et al., 2018). The blue
hatched area is the stellar radiation absorbed by the interstellar dust, while the red hatched
area shows the re-emitted thermal emission of the dust. The violet hatched area is the stellar
radiation after the extinction of the dust. This figure is reproduced from Galliano et al. (2018)
with permission from the Copyright Clearance Center.
1.1.3 The co-evolution of SMBHs and spheroids in ULIRGs within the
merger-induced scenario
Major mergers (interacting galaxies with mass ratio smaller than three, e.g., Toomre 1977)
of gas-rich disk galaxies are considered as the predominant mechanism to form the most
massive SMBH and spheroid populations in the universe from the normal spiral disk
galaxies with moderately luminous AGNs (e.g., MB ≥ −23, or Lbol ≤ 1012L⊙, where
MB and Lbol are the B band absolute magnitude and the bolometric luminosity of AGN).
According to the merger-induced scenario, the ULIRGs appear during the final coalescence
of the galaxies after the massive inflows of cool gas triggering intense starbursts in the
nuclear regions (Sanders et al., 1988; Hopkins et al., 2008). The massive inflowing gas also
feed the rapid growth of SMBHs, although they are initially small compared to the newly
forming spheroid. The collisions and inflows and the subsequent star formation activities
enhance the formation of dust grains, which in turn, attenuate the UV/optical radiation
of young stars and AGNs and re-emit in IR/submm wavelength range. As the result of
the rapid growth of SMBHs, the ULIRGs migrate from the previous starburst dominated
phase to the AGN dominated phase, with the young poststarburst stellar populations and
the bright, but highly dust-reddened quasars. The luminous quasars could ignite powerful
outflowing wind and expel the remaining gas and dust out of the galaxies. The lifetime
of ULIRGs is limited due to the quick consuming of gas by the intense star formation
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Figure 1.2: A simplified schematic diagram of an AGN SED (Collinson et al., 2017). The
orange solid curve denotes the intrinsic radiation from AGN, which is the combination of the
UV-optical emission from accretion disc (red dashed), the soft X-ray excess component (green
dashed), and the hard X-ray power-law continuum from corona (blue dashed). The purple
dash-dotted curve shows the IR radiation from the torus. The cyan dotted curve shows the
possible contribution from the stellar populations in the host galaxy. The hatched region
highlights the wavelength range which is highly absorbed by the intergalactic medium. This
figure is reproduced from Collinson et al. (2017) with permission from the Oxford University
Press.
and the dispersion of gas by the supernovae- and / or AGN-driven wind, and the galaxies
eventually evolve into the elliptical galaxies with old stellar population which host the
typical un-obscured quasars.
The merger-induced scenario suggests the evolution path from star formation domi-
nated ULIRGs to AGN dominated ULIRGs. The AGN-dominated ULIRGs are associated
with strong outflow, which is expected to blow out the gas and dust out of the galaxy and
terminate the star formation as well as the growth of the SMBH. Recently, signatures of
such outflowing gas in multi-phase have been found in various ULIRGs (neutral, Rupke
and Veilleux, 2011, Perna et al., 2015; ionized, Soto et al., 2012, Rodríguez Zaurín et al.,
2013; and molecular, Veilleux et al., 2013, Saito et al., 2017). Furthermore, integral field
spectroscopy (IFS) observations of ULIRGs show signatures that the outflows aﬀect gas
not only in their central nuclear regions (< 1 kpc scale), but also in their outer regions
(1–10 kpc scale). For example, Westmoquette et al. (2012) presented the IFS maps of 18
southern ULIRGs and found that 11 of them show evidence of spatially extended outflow-
ing warm ionized gas. Harrison et al. (2012) presented kinematic measurements of eight
ULIRGs at 1.4 < z < 3.4 and reported that in four of them strong outflow signatures
of [Oiii] 5007Å emission line with full width at half-maximum (FWHM) of 700–1400 km
s−1 are extended to a large scale (4–15 kpc) from the nucleus with large velocity oﬀsets
from the systemic redshifts (up to 850 km s−1). Those observations support the idea that
outflow plays an important role in the transition of a ULIRG from an extreme starburst
to a quiescent galaxy.
Hou et al. (2011) investigated the stellar population for 160 IRAS selected ULIRGs
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Figure 1.3: Fraction distributions of stellar populations for diﬀerent types of ULIRGs (Hou
et al., 2011). The diagrams shows that the Hii-like, star-forming dominated ULIRGs (upper)
possess a predominant young stellar population (≤ 100Myr). The stellar population of Seyfert
2 type ULIRGs (bottom) are dominated by stars with intermediate ages (0.1–1 Gyr). This
figure is reproduced from Hou et al. (2011) with permission from the authors and the American
Astronomical Society.
and found that the mean stellar age and stellar mass increase from SF dominated ULIRGs
to AGN dominated ULIRGs, which is consistent with the predictions from the merger-
induced evolutionary scenario (see also Netzer et al., 2007; Veilleux et al., 2009). However,
the evolution sequence was questioned by other works on the stellar population, e.g.,
Rodríguez Zaurín et al. (2010) and Su et al. (2013), making the evolutionary path of
ULIRGs still not conclusive. A systematic research on the properties of a large sample
of ULIRGs is required for better understanding of the evolutionary path of ULIRGs, and
their role in the co-evolution of SMBHs and massive galaxies.
1.2 Far-infrared all-sky survey by AKARI satellite
AKARI (previously known as ASTRO-F ; Murakami et al., 2007) is the second Japanese
space mission for infrared astronomy, after the Infrared Telescope in Space (IRTS ; Mu-
rakami 1997) in 1995. The satellite was launched in February, 2006, which is equipped
with a 68.5 cm cooled telescope and two scientific instruments, namely the Far-Infrared
Surveyor (FIS; Kawada et al. 2007) and the Infrared Camera (IRC; Onaka et al. 2007).
AKARI imaged the sky at four FIR bands and additionally with the IRC at 9 and 18
µm. The AKARI all-sky survey significantly surpass the previous FIR all-sky survey by
IRAS (Neugebauer et al., 1984) especially in spatial resolution (e.g., 0.5–0.8′ compared to
6′ in FIR band), and is also deeper in wavelength around 90–100µm. The AKARI FIS
Bright Source Catalogue (Ver.2, hereafter FISBSCv2, Yamamura et al., 2016) contains
total 918056 sources observed at 65, 90, 140, and 160 µm, and 501444 sources are detected
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with high reliability. FISBSCv2 covers 98% of the sky at 65 and 90 µm and 99% of the
sky at 140 and 160 µm. The detection limit is 2.4, 0.44, 3.4, and 7.5 Jy at 65, 90, 140, and
160 µm, respectively. In particular, the AKARI FIR survey provides the deepest data in
terms of the FIR all-sky data and thus provides a unique opportunity to construct a large
sample of ULIRGs.
Figure 1.4: The sky map of AKARI FIS Bright Source Catalog (Ver.2, Yamamura et al.
2016). This figure is reproduced from the release note of Yamamura et al. (2016) with
permission from the author.
1.3 Overview of the thesis
The motivation of this thesis is to place the observational constraints on the merger-
induced evolutionary scenario of ULIRGs. We aim to answer two key questions: (1)
whether the luminous AGN are associated with strong outflow, which is required in the
phase transition of ULIRGs; (2) whether the stellar populations correlate with the AGN
activity, which indicates the direction of the evolutionary path. A brief outline of the
contents of the thesis is summarized as follows.
Chapter 2: This chapter presents a statistical research with the spectroscopic and
photometric observations of a complete ULIRG sample. 1028 ULIRGs are selected through
the cross-matching of AKARI -detected FIR bright sources with the SDSS and WISE
catalog. 203 out of the 1028 ULIRGs are spectroscopically identified by SDSS and Sub-
aru/FOCAS observations, in which 149 ULIRGs possess galaxy dominated optical spectra.
The sample is unique since it is a statistical sample of FIR selected galaxies with reliable
identification from MIR pointing, and includes the ULIRGs with broad emission lines
which are due to the fast outflows. In order to obtain the information on outflow and stel-
lar population, as well as the luminosity of AGN and star-forming activity, a self-consistent
spectrum-SED decomposition method is developed, which constrain the stellar population
properties in the SED modeling based on the fitting result of the spectrum. The results
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indicates a significant correlation between the outflow velocity and AGN luminosity. How-
ever, the co-existence of the strong outflow and vigorous starburst suggests that the star
formation has not yet been quenched by the outflow during the ULIRG phase. The AGN
dominated ULIRGs possess a similar stellar population with the star formation dominated
ULIRGs, which is not consistent with the prediction from the merger-induced evolutionary
scenario.. The inconsistency between the results and the merger scenario possibly suggests
that the transition time from SF dominated to AGN dominated ULIRGs could be much
shorter than the lifetime of the ULIRGs (i.e., the duration of intense starbursts). This
work is in preparation for submission.
Chapter 3: This chapter reports an interesting ULIRG, AKARI-FIS-V2 J0916248+073034,
identified in the FOCAS follow-up observation, which indicates signatures of an extremely
strong outflow in its emission line profiles. Its [Oiii] 5007Å emission line shows FWHM
of 1830 km s−1 and velocity shift of −770 km s−1 in relative to the stellar absorption lines.
Furthermore, low-ionization [Oii] 3726Å 3729Å doublet also shows large FWHM of 910
km s−1 and velocity shift of −380 km s−1. The long-slit spectroscopy 2D image shows
that the outflow extends to radius of 4 kpc. The mass outflow and energy ejection rates
are estimated to be 500 M⊙ yr−1 and 4× 1044 erg s−1, respectively, which imply that the
outflow is among the most powerful ones observed in ULIRGs and QSOs at 0.3 < z < 1.6.
However, the central AGN activity estimated from SED decomposition is relatively weak.
One possible scenario is that currently the AGN is in a fading status, while the outflow re-
flects a historical eﬀect of the central engine. The results suggest the possibility of another
evolution sequence, in which the AGN decays before the termination of the star formation
in the host galaxy, and indicates that the cumulative eﬀect of AGNs feedback on the host
galaxy could be limited. This work has been published in the PASJ AKARI special issue
(Chen et al., 2019).
Chapter 4: This chapter provides an overall summary of the works reported in this
thesis along with outstanding questions that are yet to be fully answered. An overview of
the future projects to address the outstanding questions is also provided in this chapter.
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A statistical research on the evolution of
ULIRGs with a self-consistent
spectrum-SED analysis method
2.1 Introduction
In this chapter, we presents the results of a self-consistent spectrum-SED analysis for 149
ULIRGs selected from AKARI FIS Bright Source Catalog (Ver.2, Yamamura et al. 2016).
The construction of the ULIRG sample is introduced in Section 2.2. The details of the
self-consistent spectrum-SED analysis method are explained in Section 2.3. In Section 2.4
we reports the results on the stellar properties, AGN activity, and the outflow velocity.
The evolution of the ULIRGs sample is discussed in Section 2.5 and the conclusion is
summarized in 2.6. Throughout the paper we adopt the cosmological parameters H0 =
70 km s−1Mpc−1, Ωm = 0.3 and ΩΛ = 0.7.
2.2 Sample Construction
2.2.1 AKARI FIR catalog
The AKARI FIS Bright Source Catalog (Ver.2, Yamamura et al. 2016) is used for the
selection of ULIRG sample (see 1.2 for details of AKARI mission). Since the Wide-S band
(90 µm) is much deeper than the other three bands of AKARI FIS, we selected FIR sources
from the entire AKARI catalog (main + supplemental) with SNR> 3 (flux90/ferr90 >
3) and high quality (fqual90 = 3) in the Wide-S band. In addition, in order to avoid
the contamination of the star-forming clouds in the MW and nearby galaxies, e.g., LMC
and SMC, we limited the sample to sources at least 5 arcmin from any dusty regions with
Galactic extinction E(B−V ) > 0.10 using the Galactic foreground dust map from Schlegel
et al. (1998) and updated by Schlafly and Finkbeiner (2011). 93661 out of 918056 AKARI
90 µm sources are selected with the above conditions.
2.2.2 Cross-matching AKARI sources with SDSS-WISE catalog
The 93661 selected AKARI 90 µm sources are then cross-matched with the Sloan Digital
Sky Survey (SDSS) and Wide-field Infrared Survey Explorer (WISE) catalogs to iden-
tify their optical and MIR counterparts. WISE possesses deeper detection depth (∼ 1
mJy in w3 band) and higher spatial resolution (∼ 6′′ in w1-w3 bands), and is useful to
narrow down the positional uncertainty of the AKARI FIR sources. SDSS Data Release
15 (DR15, Aguado et al., 2019) is the third data release of SDSS-IV, which contains the
re-calibrated SDSS imaging catalogs, using the hyper-calibration to PanSTARRS-1 imple-
mented by Finkbeiner et al. (2016). We retrieved model magnitude (called modelMag)
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in the u, g, r, i, and z bands from the SDSS DR15 SkyServer1. The model magnitude is
measured consistently through the same model profile in all bands, which is a good esti-
mate of the total flux for extended sources, and provides the estimate of unbiased colors
of galaxies. The sources are selected with signal-to-noise ratio (SNR) greater than 5 in
i-band (modelMagerr < 0.02). In order to avoid objects with unreliable photometry, we
focus on the objects with the photometric calibration status in i-band and matches the
clean photometry flags2. The Galactic extinction in SDSS pipeline is computed with the
dust map of Schlegel et al. (1998). However, several recent studies reported that the map
of Schlegel et al. (1998) over-estimates E(B− V ) by about 14% (Schlafly and Finkbeiner,
2011; Yuan et al., 2013). Therefore we corrected the photometry of the selected objects
for the Galactic extinction using 86% of the extinction correction from the original values.
The SDSS model magnitude was converted to flux following Stoughton et al. (2002).
WISE performed an all-sky survey at 3.4 µm (w1), 4.6 µm (w2), 12 µm (w3), and
22 µm (w4) with angular resolutions of 6.1, 6.4, 6.5, and 12.0 arcsecond, respectively
(Wright et al., 2010). We queried the NASA/IPAC Infrared Science Archive (IRSA) for
w1-w4 profile-fit magnitude from the AllWISE Source Catalog (Cutri and et al., 2014)
using a searching radius of 4 arcsecond for the selected SDSS sources. Duplicate matches
were allowed in the query. In order to obtain reliable entries in the AllWISE catalog,
the selection was limited to sources with SNR> 5 in w3 band. In addition, we only
select sources which are with depth-of-coverage over 4 (w3m >= 5) and are not flagged as
spurious detections of image artifacts in any band (cc_flags = ‘0000′). The WISE Vega
magnitude was converted to flux densities with the flux corrections and color corrections
reported in Wright et al. (2010). We also corrected for the Galactic extinction using the
modified Schlegel et al. (1998) dust map (Schlafly and Finkbeiner, 2011; Yuan et al., 2013)
and the “Cardelli, Clayton & Mathis” (CCM) extinction law (Cardelli et al., 1989).
Figure 2.1 shows the distribution of matching distance between AKARI sources and
their possible optical counterparts. Duplicate match, i.e., several SDSS objects associated
with one AKARI object, are included in Figure 2.1. In this work we only selected the
SDSS objects associated withWISE w3-band detection (orange curve in Figure 2.1) as the
candidates of true SDSS-AKARI associations. With a higher resolution (∼ 6′′ in w1-w3
bands) than AKARI (∼ 40′′ in Wide-S band), the WISE detection can eﬀectively reduce
the contaminations from IR-faint SDSS sources. Since WISE is deeper (∼ 1 mJy in w3
band) than AKARI even for the FIR-dominated starburst galaxies, the objects shown in
the AKARI catalog but dropped in the WISE catalog are ignored in this work.
The positional uncertainties of AKARI observations are required to determine a reli-
able searching radius for the cross-matching. Yamamura et al. (2016) cross-matched the
AKARI FIS BSC catalog with 2MASS Redshift Survey Catalog (2MRS, Huchra et al.,
2012) within 30" and found that 9128 AKARI sources have 2MRS counterparts. The
positional errors (3.5" in major and 2.5" in minor axis) recorded in AKARI catalog is the
standard deviation of the positional diﬀerences of the 9128 AKARI -2MRS associations,
which could be a good proxy of the positional uncertainty of bright sources. However,
ULIRGs usually appear at flux range which is close to the detection limit, the positional
uncertainties of these faint sources could be larger. Figure 2.2 shows the distribution of the
SDSS-AKARI matching distance as a function of AKARI 90 µm SNR with a searching
radius of 40 arcsecond. Only unique matches, i.e., only one SDSS objects found within
the searching radius for each AKARI source, are plotted in Figure 2.2. The distribution
indicates the positional uncertainty depends on the 90 µm SNR. Since the coordinate
1http://skyserver.sdss.org/dr15
2https://www.sdss.org/dr15/tutorials/flags/
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Figure 2.1: Number of SDSS-AKARI associations per square arcsecond as a function of
matching radius (blue). The associations which only contain the SDSS objects associated
with WISE w3-band detections are shown in orange.
diﬀerences of the matching in RA and Dec (dRA and dDec) follow a Gaussian distribu-
tion with mean of zero and variance of σ2, the average of the matching distance with the
definition,
√
d2RA + d
2
Dec, in each SNR bin can be good estimates of σ. We derive the
median distance in each logarithmically spaced SNR bin (orange curve in Figure 2.2) and
the positional error (σpos) for each AKARI source is estimated with linear interpolation,
and then employed 3σpos as the searching radius for SDSS-AKARI associations. 18298
SDSS objects are selected for 15934 AKARI sources within 3σpos radius, in which 10016
AKARI sources locates in a rectangle sky region (RA= 120◦–250◦, Dec= 0◦–60◦) which
is fully covered by SDSS survey. Considering the total number of AKARI sources in the
rectangle region, the 3σpos selection covers 10016/14231 ≃ 70% of the sources in the entire
AKARI catalog.
The reliability of the cross-matching are evaluated in two ways, i.e., the contamination
level from matching by chance, and the likelihood of true associations in matching with
multiple objects. We focus on the rectangle sky region (RA= 120◦–250◦, Dec= 0◦–60◦)
to determine the contamination level. The contamination level for the cross-matching
with the entire AKARI catalog can be described as nnoise ∗NA, where NA = 14231 is the
total number of AKARI sources in the focused RA and Dec ranges. nnoise is the number
density of random SDSS-AKARI associations per square arcsecond per AKARI sources,
which is estimated to be 0.3/NA = 2 × 10−5 arcsec−2 from Figure 2.3. The expectation
of random associations for an AKARI source within a given searching radius (3σpos) can
be assumed as 9πσ2posnnoise. If nmatch SDSS objects with WISE detections are found
within 3σpos, for each of the SDSS objects with WISE detections the probability of a
stochastic match is 9πσ2posnnoise/nmatch, which is used to evaluate the contamination level
of a given association. 96% of the cross-matched SDSS counterparts within 3σpos shows
contamination level smaller than 3% (Figure 2.4).
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Figure 2.2: Relationship between AKARI 90 µm SNR and SDSS-AKARI matching distance,
only unique matches (every AKARI sources has only one SDSS counterpart associated with
WISE detection) are shown in the plot. The median distance per logarithmic spaced bin are
shown in orange, which is used to estimate the positional uncertainty.
For multiple SDSS objects associated with a given AKARI source, the likelihood ratio
of each SDSS object can be defined as (e.g., Hwang et al., 2007):
LRSA =
exp (− r2SA
2σ2SA
)
Ni<i0
, (2.1)
where rSA is the distance for each SDSS-AKARI association; σ2SA = σ2SDSS + σ2AKARI ,
where σSDSS and σAKARI are the positional errors of SDSS and AKARI sources; Ni<i0
denotes the number of galaxies with i-band flux brighter than this object with i-band
magnitude i0. The probability of a SDSS candidate to be a real counterpart can be
defined as pSA = LRSA/
∑i=N
i=1 LRSA,i, where N denotes the number of SDSS candidates
associated with a given AKARI source. With WISE photometry as an intermediate step
to connect SDSS and AKARI objects, we can also calculate the likelihood ratios for the
SDSS-WISE matches and WISE-AKARI matches using similar definitions as:
LRSW =
exp (− r2SW
2σ2SW
)
Ni<i0
, LRWA =
exp (− r2WA
2σ2WA
)
Nw3<w30
, (2.2)
where rSW and rWA are the matching distances for each SDSS-WISE and WISE-AKARI
association; σ2SW = σ2SDSS + σ2WISE and σ2WA = σ2WISE + σ2AKARI , where σWISE is
the positional error of WISE photometry; Nw3<w30 denotes the number of galaxies with
w3 band flux brighter than this object. Ni<i0 and Nw3<w30 can be estimated from the
cumulative distribution of i and w3 band magnitude for the entire SDSS sample associated
with WISE detections, and the numbers are shown in the right panel in Figure 2.5. The
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Figure 2.3: Number of all of the SDSS-AKARI associations narrowed down by WISE de-
tections per square arcsecond (blue) and the associations within a searching radius of 3σpos
(orange). Only the objects in the northern SDSS survey region (RA= 120◦–250◦, Dec= 0◦–
60◦) are shown in the plot. The grey dashed line shows the the contamination level for the
cross-matching of the entire AKARI catalog, i.e., nnoise ∗ NA, where NA = 14231 is the to-
tal number of AKARI sources which have at least one SDSS counterparts associated with
WISE detections in the focused RA and Dec ranges, and nnoise is the number of random
SDSS-AKARI associations per square arcsecond per AKARI sources.
probabilities of SDSS-WISE matches and WISE-AKARI matches can be estimated by
normalizing the LRSW and LRWa, respectively, i.e., pSW = LRSW/
∑i=NSW
i=1 LRSW,i, where
NSW is the number of SDSS candidates associated with a given WISE source; and pWA =
LRWA/
∑i=NWA
i=1 LRWA,i, where NWA is the number of WISE candidates associated with a
given AKARI source. In order to take advantage of the better positional accuracy ofWISE
(< 0.5′′) to reduce the number of SDSS candidates and enlarge the cross-matched catalog,
we employ the selection threshold of pSW > 0.9 and pWA > 0.9, instead of pSA > 0.9. The
selection provides a reliable catalog with 15335 SDSS-WISE-AKARI associations out of
18298 SDSS objects associated with 15934 AKARI sources, which are shown as green dots
in Figure 2.6.
In addition to the likelihood method with WISE detections, the sample is also cross-
matched with Faint Images of the Radio Sky at Twenty Centimeters (FIRST) survey
catalog of radio sources in 1.4 GHz using the results from Kimball & Ivezic (2014). Among
the entire SDSS-AKARI associations, 5810 galaxies are covered by the FIRST catalog,
in which 194 galaxies are ruled out in the previous selection with a low likelihood, i.e.,
pSW < 0.9. We add these new SDSS-AKARI associations to the matched catalog, except
for the conflicting cases (37 galaxies) that for a given AKARI source the cross-matching
with FIRST observation indicates a diﬀerent primary SDSS counterpart from the one
selected withWISE detection (i.e., in the conflicting case we chooseWISE matched sources
instead of FIRST matched sources). Finally we obtain a cross-matched catalog with 15492
sources.
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Figure 2.4: Distribution of the contamination level of the SDSS-AKARI associations within
3σpos. The contamination level denotes the probability of an SDSS object randomly matched
with an AKARI source.
Figure 2.5: Cumulative distribution function of i-band and w3 magnitude for the entire
SDSS sample with WISE detections.
Within the 15492 sources, 8684 objects are spectroscopically identified in SDSS legacy
2.2. Sample Construction 15
Figure 2.6: Distribution of probabilities of SDSS-WISE matches (pSW and SDSS-AKARI
matches (pSA). The green dots and histogram denote the associations selected with pSW > 0.9
and pWA > 0.9, where pWA is the probabilities of WISE-AKARI matches, see text for details.
The removed objects are shown in red.
and BOSS surveys. The SDSS spectroscopic objects are selected with median SNR (sn-
Median) > 2 and plate quality of ‘good’ or ‘marginal’, as well as with zWarning< 27 (not
no-data for the fiber, bad targeting nor unplugged fiber) and zWarning ̸= 1 (to avoid too
little wavelength coverage). The SDSS photometric redshift is available for 6530 out of
the 6808 sources without spectroscopic observation, which is estimated using the kd-tree
nearest neighbor fit method3. The redshift information is not available for the rest 278
sources, which are removed in the later analyses.
In order to obtain photometric information covering wavelength range as wide as pos-
sible, we also cross-matched the above catalog with the Two Micron All Sky Survey Point
Source Catalog (2MASS PSC, Skrutskie et al., 2006), the Infrared Astronomical Satellite
Faint Source Catalog (IRAS FSC, Moshir and et al., 1990), the Herschel/PACS Point
Source Catalog (Herschel/PACS PSC4), and the Herschel/SPIRE Point Source Catalog
(Herschel/SPIRE PSC5). The cross-matching conditions and results are summarized in
Table 1.
2.2.3 Selection of ULIRGs with 2-band IR luminosity estimation
In this subsection we propose a simple method to select ULIRGs from the cross-matched
catalog. The total IR luminosity of a galaxy can be crudely estimated with the observed
flux densities on the assumption that the galaxy follows an empirically derived spectral
energy distribution (SED). In order to estimate the contribution of AGN to the total IR
luminosity, we adopt two SEDs, one for starburst component and the other for AGN torus
3https://www.sdss.org/dr12/algorithms/photo-z/
4https://doi.org/10.5270/esa-rw7rbo7
5https://doi.org/10.5270/esa-6gfkpzh
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Figure 2.7: Distribution of probabilities of SDSS-WISE matches (pSW and SDSS-AKARI
matches (pSA) for FIRST selected objects. The green dots and histogram denote the associa-
tions selected with pSW > 0.9 and pWA > 0.9, where pWA is the probabilities of WISE-AKARI
matches. The blue dots show the objects selected with FIRST detections, in which the new
associations (not overlapped with green dots) are emphasized with blue circles.
component. The starburst template is taken from the composite SED of 39 star-forming
galaxies at z ∼ 1, which was created by Kirkpatrick et al. (2012) by stacking Spitzer MIR
spectroscopy and Herschel FIR photometry. The AGN torus template is taken from the
typical quasar SED built by Elvis et al. (1984), which was modified by Xu et al. (2015)
by removing the IR contribution of star formation from the original SED. Both of the two
templates are shown in Figure 2.8. We use the fluxes in w3 12µm and AKARI Wide-S
90µm bands to evaluate the relative contributions of the two templates of the total SED.
The IR luminosity of AGN (LAGN) and star-formation (LSF) can be estimated by solving
the following equation:
LAGN
∫
SAGN(z)Tidλ∫
Tic/λ2dλ
+ LSF
∫
SSF(z)Tidλ∫
Tic/λ2dλ
= 4πD2L(z)Fi, (2.3)
where i = 12, 90µm indicates w3 and AKARI Wide-S bands; SAGN(z) and SSF(z) means
the templates which are redshifted to the observed frame and normalized to unit integrated
luminosity at 1-1000 µm; Ti and Fi are the transmission curves and fluxes in each band;
c is of light speed and DL(z) is the luminosity distance, respectively. The spectroscopic
redshift is employed for the objects with SDSS spectral observations. For the objects with
only imaging data, we adopt the SDSS photometric redshift in the extimation.
The total IR luminosity and AGN contribution to the total IR luminosity can be
calculated as:
LIR = LAGN + LSF, fAGN = LAGN/LIR, (2.4)
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Table 2.1: Cross-matching with 2MASS/IRAS/Herschel Catalogs
Catalog Matching radius Matched number
2MASS PSC -1 14089 (Ks band)
IRAS FSC 3σiras2 8667 (60µm)
Herschel/PACS PSC 6′′ (160µm)3 401 (160µm)
Herschel/SPIRE PSC 9′′ (250µm)4 1478 (250µm)
1 We adopt the results from SDSS archive.
2 σiras is the length of semi major axis of IRAS positional elliptical.
3,4 The radius is taken as the half of the beam size.
Figure 2.8: SED templates of quasar (blue, Elvis et al., 1984); Xu et al., 2015) and starbursts
(red, Kirkpatrick et al., 2012) used in the 2-band IR luminosity estimation. The thick curves
denote the SED templates normalized to integrated luminosity at 1-1000 µm of ULIRG level
(1012L⊙), while the dotted and dashed curved denote the templates normalized to LIRG
(1011L⊙) and HyLIRG level (1013L⊙), respectively, The violet and orange triangles show the
detection limit of WISE w3 band (12 µm) and AKARI Wide-S band (90 µm) at redshift from
0.1 to 2.0.
and the results are shown in Figure 2.9 and Figure 2.10. Within the entire cross-matched
catalog, 1028 galaxies are identified as ULIRG with the threshold LIR ≥ 1012 L⊙. In order
to cover the NIR emission of AGN torus, the luminosity is integrated in the wavelength
range of 1-1000 µm, which is extended to toward short wavelength range compared to
the typically adopted wavelength range of 8-1000 µm. 197 out of the 1028 ULIRGs are
spectroscopically identified, in which the galaxy SDSS J073735.22+353621.0 is removed
with visual check, due to possible contamination by cosmic ray in the spectrum. The
remaining 196 ULIRGs show an average snMedian (median SNR of the spectrum) of 13,
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in which 8 galaxies show snMedian of 2–3. For the galaxies with snMedian< 3, we bin
the observed spectrum by two adjacent pixels in later analyses.
Figure 2.9: Distribution of the redshift (x-axis) and the total IR luminosity (y-axis) esti-
mated using the 2-band estimation method. The objects with SDSS spectroscopy are shown in
orange, and the ULIRGs with only photometric identification are shown in blue. The ULIRGs
identified as quasars by SDSS pipeline are shown in green, while the ULIRGs identified as
galaxies are shown in red. The grey dashed line denotes the selection threshold of ULIRGs.
Note that the two histograms are plotted in logarithmic grid.
The majority of the ULIRGs (∼ 90%) show fAGN ≤ 0, indicating that their IR emission
is dominated by star formation activity. A negative fAGN suggests that the starburst
template overestimates the MIR luminosity compared to the observed SED (Figure 2.11),
which could be due to the higher fraction of polycyclic aromatic hydrocarbon (PAH)
component of the template, or due to the residual AGN contribution in starburst template
(with average of about 10%, Kirkpatrick et al., 2012). We use the fAGN from 2-band
estimation with fixed template for illustrative purposes only. The fAGN estimated with a
detailed SED analysis will be discussed in Section 2.4.2.
We construct a complete, 90 µm flux limited ULIRG sample through the above cross-
matching and luminosity estimation. However, the flux limit of SDSS spectroscopic survey
results in incompleteness of the sample of spectroscopically identified ULIRGs. The dis-
tribution of i-band magnitude and 90 µm flux of the ULIRG sample are shown in Figure
2.12, in which the blue dashed and dotted lines denote the flux limit of SDSS legacy spec-
troscopic survey (i < 17.5) and BOSS galaxy survey (i < 20.0). The completeness of the
optically bright subsample (i < 17.5) is 78% (82/105), while that of the optically faint
sample (17.5 < i < 20.0) is 12% (112/923).
In order to understand the properties of extremely optically faint ULIRGs at interme-
diate redshifts (0.5 < z < 1), we are conducting an optical follow-up program for AKARI -
selected ULIRGs with 20.0 < i < 21.0 using FOCAS on the Subaru telescope. Seven
objects are observed in a service program in S17A (S17A0216S, PI:Masayuki Akiyama).
The details of the data reduction are described in Chen et al. (2019) (Section 3.2). Finally
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Figure 2.10: Distribution of the total IR luminosity (y-axis) and AGN contribution to the
total IR luminosity (x-axis) estimated using the 2-band estimation method. The legends are
the same as those in Figure 2.9.
we use all of the 203 spectroscopically identified ULIRGs (196 from SDSS and BOSS, 7
from the FOCAS observation) as our final sample for later analysis, for which the com-
pleteness of about 20% (203/1028).
2.3 A self-consistent spectrum-SED decomposition Method
In order to understand the evolution of ULIRGs, the properties on the outflowing gas,
the stellar populations, the star formation rates, as well as the AGN luminosities need to
be estimated from the photometric and spectroscopic observations. The optical spectral
fitting is usually performed to obtain the information of stellar populations from the
continuum emission of galaxies, as well as ionized gas dynamics from emission lines, e.g.,
[Oiii] 5007Å. The primary radiation of AGN accretion disk is blocked by dusty torus
in Seyfert 2 galaxies and make it hard to quantitively evaluate the current strength of
AGN. In addition, the star-forming regions of ULIRGs are usually embedded in dusty
environment, the dust can absorb the majority of the light from young stars, and the star
formation rate from pure spectral stellar population analysis could be underestimated.
On the other hand, the multi-band SED decomposition is widely adopted to estimate
the AGN luminosity and star formation rate from the re-emitted thermal emission of
AGN torus and interstellar dust. However, such estimation can usually be aﬀected by
a large uncertainty due to unknown star formation history and sparse photometric data
points. In this work, we develop a method to connect the optical spectral fitting and SED
decomposition to obtain a self-consistent result. For simplicity, we firstly introduce the
spectral fitting method in Section 2.3.1, and then introduce the SED decomposition as
well as the spectrum-SED connection in Section 2.3.2.
20 Chapter 2. A self-consistent spectrum-SED analysis on ULIRG evolution
Figure 2.11: The violet and orange triangles are the observed fluxes at 12µm and 90µm,
respectively, while the open squares show the reproduced fluxes in each band by convolving
the SED templates and filter transmission curves (Equation 2.3). The grey and red curves
show the total SED outline and the star-forming component, respectively. The blue hatched
region denotes the amount of the negative AGN component, which is required to reproduce the
observed 12µm flux. Green circle denotes the reproduced 12µm flux if only the star-forming
component is used in the estimation, i.e., with AGN contribution of zero. Note that the y-axis
is shifted by 10 mJy for a clear illustration.
2.3.1 Optical spectra fitting
Before the fitting process, the observed spectrum is corrected for Galactic dust extinction
with CCM extinction law of Cardelli et al. (1989) and the dust map of Schlegel et al.
(1998). As discussed in Section 2.2.2, since the map of Schlegel et al. (1998) over-estimates
E(B − V ) by about 14% (Yuan et al., 2013), we correct for the Galactic extinction of the
observed spectrum using 86% of the amount of extinction from the dust map.
The optical spectrum fitting procedure is modified from Quasar Spectral Fitting pack-
age (QSFit, Calderone et al., 20176), which is an IDL package based on MPFIT (Mark-
wardt, 2009). The original code of QSFit is optimized to the analyses of spectra of AGN-
dominated systems, e.g., quasar spectra with broad Balmer lines. We modified the codes
to support the fitting with host galaxy component with multiple stellar populations as
well as the automatic separation between quasar spectra and host galaxy spectra under a
given threshold. The details of the fitting procedure are explained as follows.
6http://qsfit.inaf.it
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Figure 2.12: Distribution of i-band magnitude and 90 µm flux (in mJy) of selected AKARI
ULIRG catalog, where the ULIRGs with SDSS spectroscopy are shown in blue, and the
ULIRGs with only photometric identification are shown in orange. The grey histograms
denote the overlapped region of blue and orange histograms. Note that the histograms are
plotted with numbers in logarithmic grid.
Components in spectral fitting
The model used to fit the observed spectrum is a collection of several components, which
can be classified into three categories: (1) AGN continua, e.g., power-law continuum; (2)
host galaxy continua, e.g., stellar continuum; (3) emission lines, e.g, Hα and [Oiii]. The
AGN continua consist of a bending power-law continuum, a Balmer emission continuum
and an iron emission line pseudo-continuum. The power-law continuum represents the
radiation directly from the accretion disc, which can be described as Lλ ∝ λα1 , λ ≪ λ0
and Lλ ∝ λα2 , λ ≫ λ0, where α1 and α2 are the power-law slope at blue and red end,
and λ0 is the bending wavelength (see Appendix B5 of Calderone et al. (2017) for more
details). In the spectral fitting λ0 is a free parameter which is limited within the observed
wavelength range. α1 and α2 are also free parameters with initial value of −1.76 and −0.44
(Vanden Berk et al., 2001), respectively, with a range of ±0.5. The Balmer continuum
is described by the electron temperature (Te) and the optical depth (τBE) at Balmer
edge (3645Å, Dietrich et al., 2012). In order to avoid degeneracy between parameters we
fix τBE = 1, following Dietrich et al. (2012). Te is set as a free parameter to obtain a
variable slope of Balmer continuum, with an initial value of Te =10000K and the range of
7500-30000K. In addition, the pseudo-continuum generated from the blending high order
Balmer emission lines (H11-H50) are also considered in the fitting procedure. The line
intensities are tied using the theoretical ratios of Storey & Hummer (1995) at a fixed
electron density of 109 cm−3 with the same temperature of Balmer continuum. The last
AGN continuum component is the iron pseudo-continuum from blending of Feii emission
lines. The iron templates of Narrow Line Seyfert 1 galaxy I ZW 1 from Vestergaard and
Wilkes (2001) (1420-3090Å, hereafter VW2001), Véron-Cetty et al. (2004) (3500-7200Å,
22 Chapter 2. A self-consistent spectrum-SED analysis on ULIRG evolution
hereafter VC2004), and Tsuzuki et al. (2006) (2200-3500Å, and 4200-5600Å, hereafter
TK2006) are used in the fitting procedure. In order to obtain a continuous iron template,
we re-normalize the UV template of VW2001 to TK2006 using the integration flux at 2200-
2700Å, and re-normalize the optical template of VC2004 to TK2006 using the integration
flux at 5100-5600Å. Finally the continuous iron temperature is generated by connecting the
VW2001 template at 1420-2200Å, the TK2006 template at 2200-3500Å, and the VC2004
template at 3500-7200Å. Note that the public templates of VW2001, VC2004 and TK2006
were un-reddened using diﬀerent Galactic extinction law, therefore before the connection
with each other we re-redden the public templates with the diﬀerent Galactic extinction
law to reproduce the original observed spectra. The generated template is then corrected
for the Galactic extinction using CCM extinction law (Cardelli et al., 1989) with E(B −
V ) = 0.105 (Vestergaard and Wilkes, 2001) and corrected for the intrinsic extinction using
Calzetti et al. (2000) extinction law with E(B − V ) = 0.10 (Tsuzuki et al., 2006) .
In order to reproduce the star formation history of a galaxy from the spectral fitting,
we introduce two stellar populations: one is a underlying main stellar population (MS) and
the other represents the ongoing starburst population (SB). Each population is described
with a composite stellar population (SCSP), which can be calculated by convolving the
single stellar population (SSSP(t, Z)) and the star formation history (SFR(t)):
SCSP(tp) =
∫ tp
t0
SFR(t)SSSP(tp − t, Z)dt, (2.5)
assuming that both of the initial mass function (IMF) and metallicity are time-independent,
where tp and t0 are the present time and the time when the galaxy began to form. In this
work we adopt the SSP library of Bruzual & Charlot (2003) with a Salpeter (1955) IMF
and a solar metallicity (Z = 0.02). The SFR(t) of MS and SB components are modeled
with SFRMS(t) = SFRMS(t0) exp (−(t− t0)/τSF) and SFRSB(t) = constant, respectively.
In order to avoid the degeneracy between the time scale of star formation (τSF) the be-
ginning time of the galaxy (t0,gal), we fix τSF to 1 Gyr, which is a typical value for local
massive galaxies with stellar mass Mstar > 1010M⊙in the simulation of galaxy evolution
(0.5–1.5 Gyr, Hahn et al., 2017; Wright et al., 2019). Therefore the CSP of MS and SB
components are only determined by the maximum stellar age (Amax = tp − t0) of each
population. The Amax of MS and SB populations are constrained in the range of [1 Gyr,
min(15 Gyr, Auniverse)] and [30 Myr, 300 Myr], respectively, where Auniverse denotes the
age of universe at the redshift of the galaxy in unit of Gyr. The range of Amax of SB
population is determined according to the simulation result of galaxy merging (Hopkins
et al., 2008), which suggests a typical duration of starburst of 100 Myr.
In the fitting procedure we accounts for most of the emission lines which could be
covered by the observed spectrum from Lyα to [Siii] 9531Å 7 8 . The majority of the
emission lines are represented with a narrow and a broad Gaussian profiles 9 . The
velocity shift (voﬀ) in relative to the systemic redshift for narrow and broad component is
constrained in the range of [-500, 500] km s−1 and [-1500, 500] km s−1, respectively. The
full widths half maximum (FWHMs) of narrow and broad components are constrained in
the range of [100, 1000] km s−1 and [1000, 104] km s−1, respectively. The line intensity of
7Permitted lines: Balmer series (Hα–H10), Lyα, Nv 1239Å, Oi 1302Å, Cii 1335Å, Siiv 1394Å,
Civ 1548Å, Heii 1640Å, Oiii 1666Å, Aliii 1855Å, Ciii 1909Å, Cii 2325Å, Mgii 2796Å, Heii 4686Å,
Hei 5876Å, Heii 8237Å, Pa18 8438Å, Oi 8446Å
8Forbidden lines: [Nev] 3346Å, [Nev] 3426Å, [Oii] 3726Å, [Oii] 3729Å, [Neiii] 3869Å, [Neiii] 3967Å,
[Oiii] 4959Å, [Oiii] 5007Å, [Oi] 6300Å, [Oi] 6364Å, [Nii] 6549Å, [Nii] 6583Å, [Sii] 6716Å, [Sii] 6731Å,
[Ariii] 7136Å, [Oii] 7320Å, [Oii] 7331Å, [Ariii] 7751Å, [Siii] 9069Å, [Siii] 9531Å
9The Nv 1239Å line only has narrow component to avoid the blending with Lyα. The Mgii 2796Å only
has one component with wide FWHM range ([100, 104] km s−1) to avoid degeneracy with iron template.
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Balmer emission lines (Hα–H10) is tied with the theoretical ratios of Storey & Hummer
(1995). The initial ratios for both narrow and broad Balmer lines are taken with an electron
temperature of 104 K and an electron density of 100 cm−3 to represent the condition of
Hii region or AGN narrow line region (NLR). If the spectrum is identified as quasar-
dominated (in the following Step 2), the broad Balmer lines are considered from AGN
broad line region (BLR) and the line ratios are taken with an electron temperature of
104 K and an electron density of 109 cm−3. The velocity shift and FWHM of Balmer
lines are tied to each other for narrow and broad components, respectively 10 . The tied
Balmer emission lines are not only used to estimate the extinction in the nebular gas by
comparing the theoretical ratio and observed ratio, but also used to improve the fitting
quality of stellar continuum. The Balmer absorption line series, e.g., H7-Ca H complex,
are important features to identity the contribution of the stellar continuum and to estimate
the ages of MS and SB population. The fixed ratios of Balmer emission lines is helpful to
reduce the contamination of emission lines to the decomposition of absorption line features.
One example is shown in Figure 2.13. In addition to Balmer lines, we also fix the ratios
of a series of forbidden line doublets, e.g., [Oii] 3726Å 3729Å and [Oiii] 4959Å 5007Å
doublets, for which the line ratios are fixed to theoretical ratios calculated using PyNeb
(Luridiana et al., 2015) under the typical temperature (Te = 104K) and electron density
(ne = 100 cm−3) of Hii regions and AGN NLRs. The theoretical line ratios for Balmer lines
and other forbidden line doublets are summarized in Table 2.2. Note that although the
velocity shift and FWHM of [Sii] 6716Å 6731Å doublets are tied to each other, the line
ratios for both narrow and broad component are not fixed to theoretical values, but are set
as free parameters in the fitting procedure. The individual absorption component is only
enabled for Lyα, Siiv 1394Å, Civ 1548Å, Ciii 1909Å to account for the absorbers in
AGN BLR. The ‘unknown lines’ in the original QSFit code are disabled to avoid involving
unknown uncertainties.
Table 2.2: Theoretical flux ratios of emission lines
Lines Ratio
Balmer lines1 (Hii or NLR) 0.053 : 0.073 : 0.105 : 0.159
: 0.259 : 0.468 : 1.000 : 2.863
Balmer lines (BLR) 0.087 : 0.109 : 0.142 : 0.198
: 0.297 : 0.500 : 1.000 : 2.615
[Nev] 3346Å 3426Å 1.00 : 2.73
[Oii] 3726Å 3729Å 1.00 : 1.36
[Neiii] 3869Å 3967Å 3.32 : 1.00
[Oiii] 4959Å 5007Å 1.00 : 2.92
[Oi] 6300Å 6364Å 3.13 : 1.00
[Nii] 6548Å 6583Å 1.00 : 2.94
1H10, H9, H8, H7, Hδ, Hγ, Hβ, Hα.
In the spectral fitting the dust reddening (E(B − V )) is a general parameter for all of
the continuum and line components, although not all of them are free parameters. In the
default case, the E(B − V ) of MS stellar continuum, iron pseudo-continuum, narrow and
broad Balmer lines are fit independently, and the extinctions of other components are tied
to one of the above four components. If the narrow (or broad) component of the second
brightest Balmer line (which is usually Hβ, or Hγ when Hα is not available) is severely
weak, i.e., with SNR< 1, then the extinction of narrow (or broad) lines is also tied to
10We set a tolerance of 50 km s−1for velocity shift of narrow Balmer lines for a good fitting result.
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Figure 2.13: Example of tied Balmer emission lines (Hα–H10, upper panel) and the fitting for
Balmer absorption lines around 4000Å (bottom panel) for the ULIRG, J090949.61+014748.4.
The observed spectrum is shown in black and the measurement error is shown in grey. The
red and blue dotted curves denote the best-fit continuum of MS and TSB, respectively. The
red and blue solid curves show the narrow and broad emission lines, respectively.
the value of other component, e.g., E(B − V ) of MS stellar continuum. A detailed tying
relationship of extinction estimation is summarized in Table 2.3.
In order to build a self-consistent spectrum-SED decomposition method, we adopt the
extinction law calculated by Jones et al. (2013) with DustEM dust extinction and emission
calculator (Compiègne et al., 2011) for THEMIS dust model, which is used in the following
SED decomposition method to reproduce the thermal emission of interstellar dust. Note
that the detailed extinction law depends on the size distribution of ISM dust, for the sake
of simplicity, in this work we adopt a fixed extinction law from the standard core-mantle
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diﬀuse ISM dust model (Jones et al., 2013; Köhler et al., 2014). See Section 2.3.2 for more
discussion on this dust model.
Table 2.3: Extinction fit in the spectral fitting
Independent components Tied components
Quasar dominated spectrum
Iron pseudo-continuum Power-law continuum
Broad Balmer lines Balmer continuum
Other broad permitted lines
Narrow Balmer lines All the other lines
Host galaxy (HG) dominated spectrum
MS stellar continuum SB stellar continuum
Narrow Balmer lines All the other lines1
HG dominated spectrum, Balmer lines are weak or not available
MS stellar continuum SB stellar continuum
All the emission lines
1Since the broad Hβ or Hγ in ULIRG is usually weak, we use the
E(B − V ) of narrow Balmer lines to correct for the extinction of narrow
and broad components of all the other emission lines.
In addition to the dust extinction, the other two general parameters for all continuum
(except for power-law continuum) and line components are velocity shift (voﬀ) and FWHM.
The voﬀ and FWHM of emission lines can be directly obtained from the position and width
of the Gaussian profile. The voﬀ of the continuum components, i.e., MS, SB, Balmer and
iron (pseudo-) continua can also be estimated from the shifting distance in relative to
systemic redshift. The voﬀ of all the continuum components is set as a free parameter.
However, in order to estimate the FWHM of a given continuum component, the template
should be firstly convolved with a Gaussian profile with diﬀerent width (the convolution is
performed in logarithmic wavelength grid), and then fit with the observed spectrum. Since
the convolution is time consuming, the FWHMs of continuum components are fixed to their
intrinsic value, thus no convolution is required, until the last step. The intrinsic FWHM
of stellar and iron (pseudo-) continua are about 70 km s−1 (Bruzual & Charlot 2003) and
900 km s−1 (Vestergaard & Wilkes 2001), respectively, while for Balmer continuum and
pseudo-continuum the FWHM is set as 2000 km s−1, a typical dispersion velocity in AGN
BLR. During the last step, the FWHM of two stellar continua and iron pseudo-continuum
are set as free parameters, while the FWHM of Balmer continuum and pseudo-continuum
is tied to the value of broad Balmer emission lines.
Spectral fitting processes
The spectral fitting for a given galaxy usually contains tens of free parameters and tens of
tired parameters (see Table A.1–A.3 for details), which make it impossible to look for the
global minimum χ2, where χ2 = Σ(fobs−fmodel)2/error2 from the entire parameter space.
Fast minimization method, e.g., Levenberg Marquardt (LM) algorithm, which is the core
procedure on QSFit and MPFIT package, is necessary to solve the fitting problem. The
fitting process can be divided into the following steps.
(1) Preliminary fit with all components enabled. Since the LM algorithm finds only a
local minimum, which is not necessarily the global minimum. This feature indicates that
the spectral fitting result could significantly depend on the initial values of the parameters.
In order to get rid of the dependency on initial parameters as far as possible, we follow the
approach of Calderone et al. (2017) to add (or enable) the continuum and line components
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step by step ((i) only with power-law and stellar continua; (ii) add Balmer and iron
(pseudo-) continua; (iii) add emission lines) and re-run the process at each step. The best-
fit results from last step are transferred into the next step, and become as proper initial
(or guessing) values of existing components in the next step. Finally all of the continuum
and line components discussed above are are included in the fitting to obtain the best
fitting quality.
(2) Spectral type identification using BLR features. In Step (1) all of the components
are enabled in the fitting process, while it is not physical in most cases. For example,
if the spectrum is host galaxy (hereafter HG) dominated, then iron pseudo-continuum
is not necessary. Therefore in this step we identify the type of each spectrum, i.e., HG
dominated or quasar dominated, and then update the fitting components set according
to the identification results. The quasar dominated spectra are separated from the HG
dominated spectra using two indicators of AGN BLR feature. The first BLR indicator
is the total equivalent width (EW) of iron and Balmer component, i.e., EWFeII+BAC =
EWFeII + EWBAC. The second BLR indicator is the FWHM of permitted lines, i.e.,
w80,permitted = w80,Hβ , z ≤ 0.8 and w80,permitted = w80,MgII, z > 0.8, where the choice
of Hβ and Mgii depends on the wavelength coverage; w80,Hβ is the 80% width for the
entire (narrow+broad) Hβ profile. A spectrum is identified as quasar dominated if it
shows significant Balmer and iron (pseudo-) continuum, i.e., EWFeII+BAC ≥ 100Å, or
shows significantly broad permitted lines, i.e., w80,permitted ≥ 3000 km s−1. Since the
identification is based on line features, we also check the fitting quality with and without
power-law continuum if the spectrum only show weak BLR features, i.e., EWFeII+BAC <
100Å and w80,permitted < 3000 km s−1 (e.g., Figure 2.14). If the χ2 without power-law
continuum exceeds at least three times of χ2 with power-law continuum, i.e., the spectral
fitting fails without power-law continuum, we classify the spectrum belongs to a ‘weak
BLR quasar’ 11 , otherwise the spectrum is host galaxy dominated.
If the spectrum is identified as HG dominated (e.g., Figure 2.13), the AGN related
continua (power-law, Balmer and iron) are then disabled in the following steps. If the
spectrum is quasar dominated, in order to reduce the degeneracy between power-law con-
tinuum and SB stellar continuum (which can be featureless in the observed wavelength
range and similar to power-law continuum), the SB stellar component is disabled, while
the MS stellar component is still kept to represents the contribution of host galaxy. In
addition, in the quasar case the theoretical line ratios of broad Balmer lines are modi-
fied from NLR conditions (Te = 104K, ne = 100 cm−3) to BLR conditions (Te = 104K,
ne = 109 cm−3) as discussed above. We re-run the process after updating the fitting
components to obtain a more physical and reliable fitting result.
(3) Correction for systemic redshift. Based on the fitting result in Step (2), we can
correct systemic redshift from the SDSS archived value with the voﬀ of stellar continuum
in HG dominated case, or the voﬀ of narrow permitted lines (e.g., Hα and Hβ) in quasar
dominated case. The fitting process is re-run after the correction, thus the output shift
velocities of all of the components are in relative to the updated systemic velocity. 17
galaxies show a deviation between the updated redshift and SDSS archived redshift over
300 km s−1, while the median deviation for the entire sample is estimated to be 130 km s−1.
The median uncertainty of the measurement of systemic redshift is about 40 km s−1.
(4) Convolution of continua. Since the convolution of continuum is time consuming,
the FWHM of (pseudo-) continuum component (MS, SB, Balmer and iron) are fixed in
the previous fitting process. During this step, the FWHM of two stellar continua and
iron pseudo-continuum are set as free parameters with a minimum limit of their intrinsic
11A possible explanation is that the extinction of the BLR is much heavier than the accretion disc. It
can be also due to the beaming of the nuclear component, e.g., BL Lac.
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Figure 2.14: Example of quasar dominated optical spectrum for a ULIRG,
J004629.15+174450.9. The observed spectrum is shown in black and the measurement error is
shown in grey. The power-law continuum is shown in red dotted line. The green dash-dotted
and solid line denote the Balmer continuum and iron pseudo-continuum, respectively. The
red and blue solid curves show the narrow and broad emission lines, respectively.
values, while the FWHM of Balmer continuum and pseudo-continuum is tied to the value
of broad Balmer emission lines. This is the last step in the fitting process for a given
spectrum.
Figure 2.15: The reduced χ2 of spectral fitting for AKARI ULIRG sample.
(5) Uncertainty estimation with Monte Carlo simulation. We perform the Monte Carlo
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resampling method to estimate the uncertainties of output results in the fitting process.
The method is based on the assumption that the uncertainties on the observed spectrum
are Gaussian distributed with measurement errors as standard deviations, i.e., fobserved =
fintrinsic+emeasured, where fintrinsic is the ideal intrinsic spectrum without any uncertainties
from the observation. A typical approach is to assume fintrinsic ≃ fmodel, where fmodel is
the best-fit model spectrum, and then generate mock spectra by adding random noise to
the model spectrum, i.e., fmock = fmodel + rNGemeasured, where rNG is the random noise
following a normal Gaussian distribution. However, the assumption of fintrinsic ≃ fmodel
can be eﬀective only if the fitting quality is good within the entire wavelength range,
otherwise the method will make the mock spectra biased to model spectrum and yields
out an artificially reliable result with underestimated uncertainty, e.g, a weak broad line
but with relatively high SNR. Therefore we modified the mock function to
fmock = fobserved + rNGemeasured
= fintrinsic + emeasured + rNGemeasured
≃ fintrinsic +
√
2emeasured,
(2.6)
In this work for each observed spectrum, 30 mock spectra are generated using Equation
2.6. Similar fitting processes are performed for the mock spectra and finally for each of
the parameters we obtain a distribution of best-fit values. The uncertainty of a given
parameter (Up) can be estimated using the standard deviation (σ) of the distribution of
the best-fit values, i.e., Up ≃ σ/
√
2, with the underlying assumption that the scatter of
the best-fit values increases by the same times (i.e.,
√
2) as the increasing factor of the
scatters in the mock spectra.
As discussed above the fitting procedure is a local χ2 minimizer and the output may
significantly depend on the initial values of parameters. In order to include the systemic
errors in the estimated uncertainties of output parameters, in the fitting process of each
mock spectrum we employ a set of randomized initial values, i.e., pinit,mock = pbest,real +
rNGwparameter, where pinit,mock and pbest,real are the initial value of mock spectrum and the
best-fit output of the real spectrum, respectively; wparameter is the width of the parameter
range 12 13 .
Spectral identification of AKARI selected ULIRGs
The distribution of χ2 for the sample are shown in Figure 2.15. Finally 54 of the 203 spec-
troscopically observed ULIRGs are identified as quasar dominated, in which 2 ULIRGs are
identified as ‘weak BLR quasar’, and the rest 149 ULIRGs are identified as HG dominated.
The identification results and the comparison with SDSS archived spectral classification
are shown in Figure 2.16. 23 ULIRGs which are classified as quasars by SDSS pipeline
are re-identified as HG dominated by this fitting process. The diﬀerent identification for
17 ULIRGs could be due to the broad [Oiii] emission line with FWHM over 1000 km s−1.
Since the broad permitted lines and iron pseudo-continuum usually blends with the sur-
rounding forbidden lines, e.g., [Oiii] 5007Å, making it diﬃcult to determine the properties
of outflow, and the existing of power-law continuum also aﬀects the decomposition of stel-
lar components, in the later analyses with SED decomposition we only focus on the 149
HG dominated ULIRGs.
12If the generated pinit,mock exceeds the parameter range, then pinit,mock is taken as the maxi-
mum/minimum of the parameter range.
13If the parameter is a normalization with the range of p ≥ 0, then we employ wparameter = pbest,real.
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Figure 2.16: Spectral identification for AKARI ULIRG sample. The left panel shows the
checking results according to the features of AGN BLR. The right panel shows the identifica-
tions from SDSS archive.
2.3.2 SED decomposition with spectra fitting results
Several fitting procedures have been developed in order to model the multi-band SEDs of
galaxies, e.g., MAGPHYS (da Cunha et al., 2008) and CIGALE (Noll et al., 2009; Boquien
et al., 2019). These codes usually invoke a huge (e.g., ∼ 105) library of stellar SED to fit
the UV-optical radiation of stars and to obtain the physical information such as stellar
mass and star formation rate. In order to take advantage of the results from the spectral
fitting discussed above, e.g., stellar continuum decomposition and extinction, in this work
we develop a new SED fitting code to obtain a self-consistent result between spectral and
SED fitting analyses.
Dust absorbers and emitters in host galaxies
A widely adopted strategy of multi-band SED decomposition is so-called ‘energy bal-
ance’ which requires the conservation between the attenuated primary radiation from stars
and/or AGN, and the re-emitted emission by the dust surrounding the primary emitters.
We firstly consider the dust absorption and re-emission in host galaxies. The real
conditions and properties of dust in the galaxies can be very complicated (e.g., Galliano
et al., 2008; Galliano et al., 2018). In the fitting procedure we employ a modified two-
components presented by Charlot and Fall (2000) (hereafter CF2000). The CF2000 model
provides a simple and brief scenario that the young stars are embedded in their birth
clouds during a finite time scale (e.g, tBC), which are dispersed by strong stellar self-winds
or the winds due to nearby supernovae explosions after tBC, and then the stars are exposed
into the diﬀuse ISM dust. Therefore the emission of young stars is absorbed by their natal
clouds at t < tBC and by the diﬀuse ISM dust at t > tBC, while the old stars are only
attenuated by diﬀuse ISM.
In the spectral fitting (Section 2.3.1) we tie the extinction of starburst (SB) component
to the value of main stellar (MS) component. Within the scenario of CF2000 model,
the optically observed starburst components represents the young stars for which the
natal clouds have been destroyed and migrate to the diﬀuse ISM dust. For the sake of
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simplicity, hereafter we name the young stellar population embedded in optically-thin
diﬀuse ISM as ‘transparent starburst’ (TSB) component, and the young stars which are
almost fully absorbed by optically-thick natal clouds as ‘attenuated starburst’ (ASB).
Under the framework of CF2000 model, ASB and TSB components are separated by a
certain timescale tBC. The timescale tBC are considered to be from 107 yr for normal
star-forming galaxies to 108 yr for ULIRGs (da Cunha et al., 2008; da Cunha et al., 2010),
which is similar with the range of age of starburst components in our spectral fitting
procedure. In this work we employ another partly diﬀerent scenario, that the ASB and
TSB components are not separated by tBC, but with a similar age. This can be explained
by a variable tBC for young stars, or the natal clouds are not fully isotropic and the
the UV light is allowed to intersect the clouds in some directions to freely stream away
into the diﬀuse ISM regions (Popescu et al., 2011). Within this scenario, we can assume
the ASB component has the same stellar population as the TSB component, except for
extinctions. The extinction estimated from optical spectral fitting can be used for MS and
TSB components that are embedded in optically-thin diﬀuse ISM. The birth clouds in star-
forming regions (e.g., giant molecular clouds) can has very heavy extinction (Av ∼50-150,
Reipurth & Schneider 2008). Using the 9.7 µm silicate features, da Cunha et al. (2010)
estimated the optical depths for 16 local ULIRGs, with τV ∼30–40. In this work we assume
AV = 100 for ASB component for all the galaxies, which corresponds to a typical dense
collapsing cloud with spacial scale of 0.2 pc, nH2 = 2 × 105cm−3, and V-band opacity of
3× 103m2/Kg (Frank 1987).
The distribution of starlight intensities should be given to model the dust radiation.
The diﬀuse ISM dust is usually considered to be exposed in ambient starlight with a
constant intensity. Suggesting the stars and dust are uniformly distributed in a given
region, the flux intensity dU (usually in unit of Inter Stellar Radiation Field (ISRF)
intensity) received by a dust particle from the stars with a distance [r, r + dr] can be
described as
dU = 4πr2drn⋆
L⋆
4πr2
10−Kλρr = n⋆L⋆10−Kλρrdr, (2.7)
and the total received flux in a spherical volume with radius R is
U =
∫ R
0
n⋆L⋆10
−Kλρrdr = n⋆L⋆
10−KλρR
Kλρ ln 10
= constant, (2.8)
where n⋆ and L⋆ are the number density and average luminosity of stars; Kλ = 0.4 ×
1.086κλ and κλ is the dust opacity; ρ is the mass density of mass. The heating for dust in
the birth cloud is considered to be dominated by its stellar progeny, then heating intensity
received by a dust at a distance R from the central star is:
U(R) =
L⋆
4πr2
10−Kλ
∫R
0 ρ(r)dr. (2.9)
In the literature the dust in the region with intense radiation field (so-called ‘PDR’
components) is usually described using a power-law distributed starlight intensity, i.e.,
dM/dU ∝ U−α (Dale and Helou, 2002; Dale et al., 2014; Draine and Li, 2007). Suggest-
ing the dust surrounding the star follows ρ = Kρr−β, then the two parameters α and β
are correlated as α ≃ (5−β)/2 in moderate extinction condition, indicating that the dust
with a more concentrating distribution is exposed in more intense heating intensity, and
heated to higher temperature when the dust is in thermal equilibrium with the radiation
field.
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A detailed ISM dust model is required to reproduce the observed IR SED, which de-
pends on a series of dust properties, e.g, the abundance of carbon, silicate, and other
elements; the compositions and structures of dust particle (e.g., crystalline, amorphous,
etc.); the distribution of size of dust grains, and so on. In this work we employ the
THEMIS14 (The Heterogeneous Evolution Model for Interstellar Solids) Model, which is
based on the optical properties of amorphous hydrocarbon and amorphous silicate ma-
terials measured in the laboratory (Jones et al., 2013; Köhler et al., 2014). The dust
in THEMIS framework consists of a power-law distribution of small H-poor hydrocarbon
grains (a-C) and log-normal distributions of large H-rich hydrocarbon grains (a-C(:H)), as
well as an amorphous forsterite-type silicate with iron nano-particle inclusions (a-SilFe).
THEMIS was developed to study the dust evolution in the interstellar medium, which
has also been used to explained the diﬀuse ISM dust extinction and emission in the MW
(Jones et al., 2013; Ysard et al., 2015; Fanciullo et al., 2015).
The dust extinction curve and radiation SED in THEMIS model are calculated with
DustEM codes using the inter stellar radiation field (ISRF, Mathis et al., 1983). We take
the updated version presented by Nersesian et al. (2019), in which the model is mainly
described with five parameters: (1) the mass fraction of small aromatic feature emitting
grains, qHAC; (2) the average heating intensity for diﬀuse ISM dust (Equation 2.8), < U >;
(3) the minimum and (4) maximum heating intensity, i.e., Umin and Umax, as well as (5)
the power-law slope for dust in birth clouds (Equation 2.9), α. qhac controls the intensity
of line features in MIR range (3–20 µm). In the fitting process, we take the range of qHAC
from minimum value in THEMIS model, i.e., 0.02, to the value of MW, i.e., 0.17, with an
additional extended lower limit of 0.005 to represent the extreme region where the small
dust grains are destroyed by strong radiation field, e.g., close to a O/B star (Galliano et
al., 2018). With THEMIS model, the dust temperature can be approximately estimated
from the intensity of radiation field (Nersesian et al., 2019):
Tdust = 18.3K× U1/5.79. (2.10)
Following Draine and Li (2007) and Nersesian et al. (2019) we assume Umin =< U >,
which represents a smooth temperature transition from the external layer of birth clouds to
diﬀuse ISM dust. We also assume the diﬀuse ISM dust heated by MS and TSB components
has the same Umin, because in practice they are hard to be distinguished. The value of
Umin is constrained in the range of [2, 80], which corresponds to the temperature range
of [20, 40]K. For the galaxies with only one or two photometric detections in FIR range
(> 50µm), we only test four temperatures: the typical temperature of elliptical and star-
forming galaxies, 30 K (U = 17) and 25 K (U = 7), respectively (Nersesian et al., 2019);
two typical temperature of ULIRGs, 35 K (U = 40) and 40 K (U = 80, da Cunha et al.,
2010). The Umax in the model is fixed to 107, corresponding to temperature about 300K,
and a distance of 7 AU to a massive star of 10 L⊙. The heating intensity power-law slope
α is taken from three values, i.e., 2, 2.5, and 3, which corresponds to the mass density
index of 1, 0, and -1 with the approximate relationship α = (5 − β)/2 assuming mass
density follows ρ = Kρr−β. β = 1 indicates that the dust concentrated to the center of the
birth clouds, representing the early phase of star-formation when the star just formed in
the center of the collapsing natal cloud; whereas β = −1 suggests the majority of the dust
locates at the outer region, representing the late phase when the natal cloud is blown out
by the stellar wind. In summary, in our SED fitting process the dust surrounding stars
can be describes by three parameters, qHAC, Umin (or < U >), and α.
14https://www.ias.u-psud.fr/themis/THEMIS_model.html
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MIR radiation from AGN torus
In addition to the dust surrounding stars, the AGN can also contribute to the IR SED of
the galaxy by the thermal emission from a thick layer of dust surrounding an accretion disc.
The UV-optical radiation from accretion disk is absorbed by the torus and then re-emitted
as torus thermal radiation. Since the inner radius of the dusty torus can reach 0.5–1 pc
scale, the dust can be heated up to the sublimation temperature, e.g., 1000–1500K, which
is much higher than the typical temperature of star heated dust, e.g., ∼ 100K in PDR,
or 20–40K in star-forming regions. The torus with much higher temperature shows a
significant MIR excess, peaking at ∼ 3µm, in the SED of the galaxy. Therefore the MIR
torus feature is widely used to identify the AGN activity in galaxies (e.g., Ciesla et al.,
2015; Małek et al., 2017).
In this work, we employ the SKIRTor15 torus model developed by Stalevski et al. (2012)
and updated in Stalevski et al. (2016) using 3D Monte Carlo radiative transfer code SKIRT
(Baes et al., 2003; Baes et al., 2011). The SKIRTor model consist of two-phase medium,
i.e., a large number of high-density clumps embedded in a smooth dusty component of
low density grains. Compared to the pure smooth or clumpy torus model, the SKIRTor
with two-phase medium can produce attenuated silicate features and a pronounced NIR
emission at the same time. In the current SED library, the fraction of total dust mass inside
clumps is fixed to 0.97, corresponding to a volume filling factor of 0.25. The clumpy and
smooth dust grains are spatially distributed with density following ρ(r, θ) ∝ r−pe−q| cos θ|,
where the r and θ are the radius and angle in the polar coordinate system. The value of
r is limited by the inner and outer radius, i.e., Rin and Rout. The model is assumed to be
scaled with the AGN bolometric luminosity with the function (Barvainis 1987):
Rin = 1.3 pc×
(
LAGN
1046 erg/s
)0.5( Tsub
1500K
)−2.8
, (2.11)
assuming an average dust grain size of 0.05 µm, where Tsub ≃ 1180K is the sublimation
temperature of the dust grains in SKIRTor model. Therefore the radial scale of the torus
is described using the radius ratio Rout/Rin. A larger Rout/Rin corresponds to cooler SED
extended SED to FIR range. The polar angle θ of torus is limited by the half opening
angle Θ, which is related to the covering factor of the torus CF = sinΘ. The amount of
dust of the torus is described using the 9.7 µm optical depth in the equatorial direction,
i.e., τ9.7.
Within the framework of SKIRTor model, not only the dusty torus but also the primary
central source is anisotropic, with the flux follows F (θ) ∝ cos θ(1 + 2 cos θ) ∼ cos θ. It is a
more reasonable assumption to describe a disc-like heating source compared to other torus
model with isotropic point-like central source. The primary source follows a commonly
adopted multi-slope bending power-law SED (Schartmann et al., 2005). The anisotropic
torus is the fundamental scenario for the AGN unified scheme. If the inclination ϕ follows
ϕ+Θ ≤ π/2, the primary source is blocked in the line of sight and the AGN is in type-2
geometry; otherwise the central radiation freely streams away and the AGN is in type-1
geometry.
Except for the fixed clumpy fraction, there are six parameters in SKIRTor model. As
explained in Section 2.3.1, in this work we focus on type-2 AGN ( for which the optical
spectrum is dominated by galaxy component), therefore we only take ϕ+Θ ≤ π/2. Due
to the degeneracy between ϕ and Θ and the limited number of data points, we fix Θ = 30◦
in according to the average covering factor of X-ray selected AGNs (Ichikawa et al., 2019).
Thus the inclination ϕ is constrained in the range of [60◦, 70◦, 80◦, 90◦]. We also fix the
15https://sites.google.com/site/skirtorus/
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spatial distribution to one case with p = 1 and q = 0.5, and then take the full available
range of Rout/Rin, i.e., [10, 20, 30], and the extinction τ9.7, i.e., [3, 5, 7, 9, 11]. Examples
of the SED templates in SKIRTor torus model are shown in Figure 2.17.
Figure 2.17: Examples of the SED templates in SKIRTor torus model. The colored curves
show the SED of accretion disk (solid) and torus (dashed) with diﬀerent extinction amounts
(τ9.7) and inclinations (ϕ). In the plot the radius ratio (Rout/Rin) is fixed to 30 and the half
opening angle (Θ) is fixed to 30◦. The grey solid line denote the intrinsic radiation of the
accretion disk in face-on direction (ϕ = 0◦).
Note that even though we only focus on type-2 AGN with ϕ+Θ ≤ π/2, the primary
radiation of the accretion disk is not fully extinct. A part of the radiation of the accretion
disk could penetrate the dusty torus (solid curves in Figure 2.17), and the fraction of
the penetrating radiation depends on the inclination, the amount of the extinction, and
the spatial distribution of the dust. Since the penetrating component extends from MIR
to NIR and optical bands, it is necessary to evaluate whether it significantly aﬀect the
fitting of the optical spectrum or not. In the SEDs (torus + accretion disk) used in this
work, the one with τ9.7 = 11 and ϕ = 60◦ shows the bluest optical-IR color (blue solid +
dashed curves in Figure 2.17), i.e., the largest contribution to optical bands, and the flux
density ratio of S3.4µm/S0.8µm ∼ 100, in which the wavelengths are taken as the central
wavelength of WISE w1 band and SDSS i-band, respectively. On the other hand, for the
149 ULIRGs with galaxy dominated optical spectra, the average flux ratio Fw1/Fi−band
is 3.8 ± 4.7. The result suggests that even the bluest SED in the template is still much
redder than the observed SED in optical-NIR bands, therefore the contamination of the
penetrating component on the optical spectrum could be ignored.
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Connection from optical spectral fitting to SED decomposition
In order to connect the spectral fitting results to SED fitting process, we consider the
energy conservation in each emitter-absorber system and the entire galaxy. The equations
which represents the energy balance in the dust surrounding stars are listed in Equation
2.12: ∫ 1mm
912Å S
sp
MS
[
1− 10−0.4(τλ/τV)A spV,MS
]
dλ∫
S spMS dλ
=
LISM,MS
LMS
=
LISM,MS
CAPE,MSL
sp
MS
,∫ 1mm
912Å S
sp
TSB
[
1− 10−0.4(τλ/τV)A spV,TSB
]
dλ∫
S spTSB dλ
=
LISM,TSB
LTSB
=
LISM,TSB
CAPE,TSBL
sp
TSB
,∫ 1mm
912Å S
sp
ASB
[
1− 10−0.4(τλ/τV)AV,ASB] dλ∫
S spASB dλ
=
LISM,ASB
LASB
,
(2.12)
where the S spMS means the intrinsic stellar spectrum of MS stars, A
sp
V,MS means the extinc-
tion of diﬀuse ISM dust around MS stars; LMS and LISM,MS denote the total luminosity
for the MS population and the dust heated by MS stars. Similar variables are defined for
TSB and ASB components and dust around them. All variables with ‘sp’ suﬃx suggest
that the spectra and values are taken from the spectral fitting results, e.g., S spMS is the
best-fit continuum for MS components in spectral fitting results. Note that two factors,
i.e., CAPE,MS and CAPE,TSB are employed to correct for the aperture-loss of the SDSS
fibers. We allow the MS and TSB components have diﬀerent correctors. τλ denotes the
extinction (opacity) curve used in the SED fitting, which is the same one used in spectral
fitting. In order to build a self-consistent method, we adopt the extinction curve derived
from THEMIS dust model, which is used to reproduce the dust emission in the SED fitting
process. Note that in the integration of absorbed luminosity by dust, we set a lower limit
of wavelength of 912Å, with an underlying assumption that most of the photons with
energy higher than 13.6 eV are absorbed by the photoionized Hydrogen and Helium gas
in Hii region, rather than attenuated by the dust (Draine and Li, 2007). As explained
in Section 2.3.2, within the variables in Equation 2.12, we assume A spV,TSB = A
sp
V,MS and
AV,ASB = 100; S spASB = S
sp
TSB, thus the ASB component has the same intrinsic spectrum
as TSB components. Only three variable, i.e., CAPE,MS, CAPE,TSB, and LASB, are the
independent parameters which will be estimated in the fitting process.
As for the energy conservation of AGN and torus radiation, we directly adopt the
result in SKIRTor model, which is calculated by a radiation transfer program. A similar
equation can be explained as Equation 2.13. Note that since both of the primary and dust
SED are anisotropic, they are shown in flux unit in the equation.
∫
ΩTor
∫ 1mm
912Å FAD
[
1− 10−0.4(τˆλ/τˆV)AV,Tor] dλdω∫
4π
∫
FAD dλdω
=
∫
4π
∫
FTor dλdω
LAGN/DL(z)2
(2.13)
For the SED model with parameters of a given values, the expected fluxes in each band
can be calculated by convolving the model SED Scomp with the transmission curve of each
band Tband:
Fmodband = Σcomp
Lcomp
4πD2L(z)
∫
Scomp(z)Tband dλ∫
Scomp(z) dλ
∫
Tband c/λ2dλ
,
(2.14)
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and the best-fit SED parameters (e.g., qHAC) and the normalizations, Lcomp (e.g., LAGN)
can be obtained by minimizing χ2 = (F obsband−Fmodband)2/σobs 2band, where F obsband and σobsband are the
observed fluxes and their measurement errors. All of the primary radiation components,
i.e., MS, TSB, ASB, and AGN (accretion disk), and the dust re-emitted components. i.e.,
ISM heated by MS and TSB, BC heated by ASB, and torus heated by AGN, are included
in the calculation. In order to reproduce the contribution of emission lines to the broad
band photometry in optical bands, we also include the optical emission line spectrum from
the decomposition of observed spectrum (Section 2.3.1) in Equation 2.14. The emission
line spectrum is corrected for aperture-loss using the average of CAPE,MS and CAPE,TSB.
Figure 2.18 shows one example of the best-fit SED model. The four outputs directly from
Equation 2.14) are two aperture-loss correction factors (CAPE,MS and CAPE,TSB) and the
total luminosity of primary radiation of ASB component (LASB) and AGN accretion disk
(LAGN). The inputs and outputs of the SED decomposition are summarized in Table 2.4.
We discuss the detailed results in Section 2.4.
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Figure 2.18: The best-fit SED decomposition for the ULIRG, J090307.84+021152.1. The
red and pink curve denote the observed and aperture-loss corrected optical spectrum. The
observed fluxes in each band are shown in red crosses with the error bar showing the 3σ
measurement errors, while the best-fit fluxed are marked using grey squares. The outline of
the best-fit SED is shown in grey curve, while the SEDs of extinct primary radiation (i.e., MS,
TSB, ASB, and AGN (accretion disc) and the dust re-emitted emission (i.e., ISM, BC, and,
Torus) are shown in thick and thin lines, respectively, The same color is used for the primary
source and the related dust component.
The distribution of the χ2ν is shown in Figure 2.19, with the median of χ2 ∼ 5. We also
show the χ2ν and relative residuals (F obsband−Fmodband/F obsband) in each band, and we can find that
the quite large χ2ν is dominated by the χ2ν in r- and w1 bands, which could be due to the
small photometric errors in these two bands. The relative residuals in r- and w1 bands are
−0.021 and 0.003, respectively, which are similar to the relative residuals in other SDSS
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and WISE bands. Note that in this work the χ2ν is only used to select the best-fit SED
model, the uncertainties of the results are also estimated with Monte Carlo resampling
method. For each ULIRG, 100 mock photometric observations are generated by adding
the random noise to the observed fluxes. The random noise is Gaussian distributed with
the amplitude from the measurement error in each band. The same fitting processes are
employed for the mock photometric data and the scatters of the best-fit values are taken
as the uncertainties of the parameters.
Table 2.4: Summary of the variables in SED decomposition equation.
Input (from spectral fitting)
Host galaxy S spMS, S
sp
TSB
1, A spV,MS2, L
sp
MS, L
sp
TSB
Input (parameters of undetermined SED)
Host galaxy qHAC, Umin, α
AGN ϕ, Rout/Rin, τ7.9
Output (directly from Equation 2.14)
Host galaxy CAPE,MS, CAPE,TSB, LASB
AGN LAGN
1the same for S spASB.
2the same for A spV,TSB; we assume AV,ASB=100.
Figure 2.19: The reduced χ2 of the SED decomposition.
2.4 Properties of theAKARI ULIRG sample from spectrum-
SED decomposition
2.4.1 Total IR luminosity and bolometric luminosity
We firstly show the distributions of the total IR luminosity integrated in 1–1000 µm range,
i.e., L1–1000, and the bolometric luminosity of the entire galaxy, i.e., LBol,Gal, in Figure
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Figure 2.20: Left and middle: the χ2 and relative residuals of the SED decomposition in
each band. The residual is defined as F obsband −Fmodband/F obsband. The error bars show the 25% and
75% value in the distribution of the objects, while the dot denote the median value. Right:
the number of detections in each band. Diﬀerent colors show the sources of the observations.
The grey circled dots denote that at least 80 objects detected in these bands.
2.21. The total IR luminosity is calculated using the total best-fit SED model under the
assumption of an isotropic radiation from the galaxy. 120 out of the 149 galaxies without
significant type-1 quasar features in the optical spectra (see Section 2.3.1 for details)
show L1–1000 ≥ 1012 L⊙, indicating that the 2-band ULIRG selection method presented in
Section 2.2.3 is eﬀective to select ULIRGs 16 . The remaining 29 galaxies are luminous-
LIRGs with an median integrated luminosity of L1–1000 = 1011.9±0.1 L⊙. We keep all of
the 149 galaxies in later discussions.
The galaxy bolometric luminosity is defined as:
LBol,Gal = CAPE,MSL
sp
MS + CAPE,TSBL
sp
TSB + LASB + LAGN , (2.15)
where CAPE,MSL spMS and CAPE,TSBL
sp
TSB are the aperture-loss corrected luminosity of stars
in MS and TSB components; LASB shows the radiation of ASB, i.e., the starbursts hidden
in optical band, estimated from the FIR dust emission after reducing the contribution
of MS and TSB components (Equation 2.12); LAGN denotes the bolometric luminosity
of AGN, which is estimated from the best-fit Torus SED using Equation 2.13. LBol,Gal
describes the sum of the primary (intrinsic) UV-optical-NIR radiation from stars in host
galaxy and the accretion disk of AGN. All of the 149 selected galaxies show an average
LBol,Gal = 1012.6±0.3 L⊙, with the ratio L1–1000/LBol,Gal from 15% for AGN dominated
cases (green line in Figure 2.21) to 50% for star formation dominated cases (orange line
in Figure 2.21). The ratio L1–1000/LBol,Gal reflect the fraction of the radiation absorbed
and re-emitted by dust in the entire galaxy. We report the detailed AGN characteristics
in Section 2.4.2 and the information on the host galaxies, e.g., stellar mass and SFR, in
Section 2.4.3.
2.4.2 Luminosity and energy contribution of AGN
In the typical SED fitting codes, e.g., CIGALE, the luminosity of AGN is usually estimated
by integrating the best-fit torus template assuming an isotropic radiation. However, both
of the observational and simulation research show that the torus is an asymmetric structure
(e.g., Stalevski et al., 2017). The SED of torus seen in face-on direction (type-1 case) has
a bluer IR color than the SED seen in edge-on direction, because the dust in the inner
16If we use the luminosity integrated in 8–1000 µm range, i.e., L8–1000, the number of selected ULIRGs
is 106.
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Figure 2.21: The distributions of the total IR luminosity integrated in 1–1000 µm range
(L1–1000, x-axis), and the bolometric luminosity of the entire galaxy (LBol,Gal, y-axis) for the
149 AKARI -selected IR bright galaxies. The blue shadow region denotes the requirement of
luminosity for ULIRGs, which covers 120 galaxies in the sample. LBol,Gal shows the sum of the
primary (intrinsic) UV-optical-NIR radiation from stars in host galaxy and the accretion disk
of AGN (Equation 2.15). The blue dots and orange stars denote the galaxies spectroscopically
identified by SDSS and FOCAS, respectively, while the blue histograms reflect the sums of
SDSS and FOCAS identified objects. The dots circled in green shows the AGN dominated
ULIRGs with fAGN ≥ 0.75. The green and orange dashed lines denote the AGN dominated
(L1–1000/LBol,Gal = 15%) and SF dominated (L1–1000/LBol,Gal = 50%) cases, respectively (see
Section 2.4.1 and 2.4.2 for detailed discussion).)
region, which is heated to temperature up to 1000-1500K (dominating radiation around
3µm), can be directly observed in the line of sight of the face-on direction. Within the
framework of SKIRTor torus model, not only the luminosity of the anisotropic torus, but
also the luminosity of the primary source, i.e., the accretion disc, can be estimated using
the energy conservation equation (Equation 2.13) and the best-fit torus template from
SED decomposition. For the sake of simplicity, hereafter we name the integrated torus
luminosity assuming an isotropic structure as LisoTorus, and the bolometric luminosity of
AGN accretion disk as LpriAGN. The most important parameter in the conversion from
LisoTorus, which can be directly calculated from best-fit SED, to L
pri
AGN, is the half opening
angle Θ (or the covering factor of the torus). Since the torus is usually considered to be
optically thick, half opening angle Θ determines the fraction of the primary radiation of
AGN, which is absorbed and re-emitted by dusty torus. Recently, the study on X-ray
selected AGN reported that the typical covering factor is about 0.6 (Stalevski et al., 2016;
Ichikawa et al., 2019), which corresponds to Θ ∼ 30◦ and is adopted as a fixed parameter
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in out SED fitting process. The relationship between LpriAGN and LisoTorus with Θ = 30◦ is
shown in Figure 2.22 (blue and cyan dots). In addition, we also plot the results with
a smaller Θ = 10◦, which are shown in green and yellow-green dots in Figure 2.22. The
comparison suggests that the energy conversion ratio from accretion disk to torus increases
by nearly 10 times from Θ = 10◦ to Θ = 30◦. Since Θ highly aﬀects the estimation
of LpriAGN and it is hard to be determined only with limited number of IR photometric
data points, it is a proper choice to fix it to the typical value from the literature. With
Θ = 30◦, we can derive the average ratio LisoTorus/L
pri
AGN = 0.15 ± 0.07, which is consistent
with the empirical relationship between the MIR and bolometric luminosities of AGN
(Ichikawa et al., 2014, dashed line in Figure 2.22); the ratio for the real anisotropic torus
is LanisoTorus/L
pri
AGN = 0.21± 0.01.
Figure 2.22: Comparison between AGN IR luminosity estimated from isotropic integration
on 1-1000 µm (y-axis) and the bolometric AGN luminosity estimated using the anisotropic
structure from the framework of SKIRTor torus model. The blue and cyan dots, which are
separated by diﬀerent best-fit inclinations, show the results in the default SED fitting with
torus half opening angle (Θ) fixed to 30 ◦, which corresponds to a typical covering factor from
X-ray detected AGNs (Ichikawa et al., 2019). The green and yellow-green dots show the results
from SED fitting with Θ = 10◦, corresponding to a slim torus, which is discussed in Section
2.5.4. Grey dashed line denotes the empirical relationship between the MIR and bolometric
luminosities of AGN (Ichikawa et al., 2014).
With the primary luminosity (LpriAGN) and the total bolometric luminosity of the galaxy
(LBol,Gal), we can define the AGN bolometric energy contribution as fAGN = LpriAGN/LBol,Gal.
The distributions of fAGN and LBol,Gal are shown in Figure 2.23. The total sample of
149 ULIRGs can be separated into three subsamples: 45 of them shows significant con-
tribution of AGN with fAGN ≥ 0.1; 62 of them have smaller AGN contribution with
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0.001 ≤ fAGN < 0.1; the rest 42 galaxies suggest no sign of AGN contribution, i.e., the
AGN (torus) component is not required in the SED fitting for these galaxies. The ratio
L1–1000/LBol,Gal for the 104 ULIRGs with fAGN < 0.1 shows an average of 50% (orange
dashed lines in Figure 2.21), suggesting that in the star formation dominated ULIRGs
nearly half of the stellar light are absorbed and re-emitted by dust. The 45 ULIRGs with
fAGN ≥ 0.1 show average L1–1000/LBol,Gal = 28%. For the 9 AGN dominated ULIRGs with
fAGN ≥ 0.75, the average L1–1000/LBol,Gal is 15% (green dashed lines in Figure 2.21), which
is close to the derived ratio between the radiation of torus and accretion disk of AGN
assuming Θ = 30◦ (Figure 2.22).
In order to check the reliability of the determination of AGN of our method, we use
the 90%-confidence criterion of Assef et al. (2018) (hereafter A18), which is based on the
photometry on w1 and w2 bands, to select the AGN candidates in our sample. 102 of the
149 galaxies match the requirements of the A18 method, in which 85(/102) ULIRGs show
fAGN ≥ 0.001 in this method, indicating that the AGN detection in our method is basically
consistent with the results from the A18 method, and the matching rate 85/102∼ 83% is
roughly consistent with the confidence level (reliability) of A18 method, i.e., 90%. The
rest 17(/102) galaxies are identified as no-AGN in this method. For the 17 galaxies,
the blue w1-w2 color is mainly contributed by the radiation of dust heated by intense
star-formation activity, e.g., the predominant PDR component or the bright PAH 3.3µm
emission line.
Another widely adopted method to identify AGN (Seyfert 2 galaxy) is the classification
with the “Baldwin, Phillips & Terlevich” (BPT) diagram (Baldwin et al., 1981). 131 of
the 149 galaxies have the spectra which cover the wavelength range of [Oiii], Hβ, Hα, and
[Nii] lines. We require that for each line the fraction of bad pixels (e.g., contaminated
by bright night sky lines) should be smaller than 25% from the 10th to 90th percentiles
of the narrow line profile. The classification results performed using the narrow lines are
shown in Figure 2.24, in which the numbers of Seyfert 2, composite and star-forming
(Hii) galaxies are 45, 71, and 15, respectively. The SF bolometric luminosity (LSF, the
sum of intrinsic radiation of stars) versus AGN bolometric luminosity (LAGN) with the
BPT identification results are shown in Figure 2.25. The distributions show that the
star-forming (Hii) galaxies locates in the low LAGN (∼ 1011 L⊙) region while the Seyfert
2 galaxies center in high LAGN (∼ 1012 L⊙) region, suggesting the trend that as AGN
becomes luminous, it dominates the ionization of the gas. However, 8 out of the 45
Seyfert 2 galaxies show LAGN < 1011 L⊙and the other 10 Seyfert 2 galaxies show no
AGN in their SED decompostion results. One possible explanation is that the Hii regions
ionized by stellar light is more dusty than the AGN NLR. Since the ionization in Hii
regions is dominated by young O/B type stars, the line emission from the ionized gas
could be severely extinct by the dense dust surrounding the young stars (e.g., compact
Hii region, Stéphan et al., 2018). The explanation is consistent with the results shown
in Figure 2.30, in which the SFR estimated from Hα line is much smaller than the SFR
from FIR photometry. Therefore although the star formation activity could dominate
the bolometric luminosity of the total galaxy (e.g., low fAGN), it may only show a small
contribution on the gas ionization observed in optical band.
Finally we show the relationship between LAGN and the luminosity of [Oiii] 5007Å
emission line. With a relatively high ionization potential (IP, 35.12 eV), the intensity of
[Oiii] line is usually considered to reflect the AGN activity (Kauﬀmann et al., 2003). We
consider both of the directly observed luminosity from optical spectral fitting (Lobs[OIII]), and
the luminosity after correction for extinction and aperture-loss (Lc(e+a)[OIII] ). The estimation
of extinction can be found in Table 2.3. We use the average of CAPE,MS and CAPE,TSB
to correct the [Oiii] line. Note that if the [Oiii] line originates from compact NLR (e.g,
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Figure 2.23: Distribution of total bolometric luminosities of the galaxy (x-axis) and AGN
bolometric contribution (y-axis) of AKARI -ULIRG sample. The blue dots and histogram in
the grey shadow region denote the galaxies (42/149) for which the AGN torus component is
not required in the SED decomposition. The blue dots and orange stars denote the galaxies
spectroscopically identified by SDSS and FOCAS, respectively, while the histograms reflect
the sums of SDSS and FOCAS identified objects. The green-circled dots and the green dis-
tributions denote that they are selected using the 90%-confidence criterion of Assef et al.
(2018).
<∼ 0.1pc), then there is no need to correct [Oiii] line for aperture-loss. Therefore the
value of Lc(e+a)[OIII] could be considered as some upper limit, and Lobs[OIII] as the lower limit.
The results for 136 galaxies with high quality detections of [Oiii] line (Lobs[OIII]/σobs[OIII] > 5
and the fraction of bad pixels smaller than 25% from the 10th to 90th percentiles of the
entire [Oiii] line profile) are shown in Figure 2.26. We perform linear fitting in logarithmic
grid for Lobs[OIII] and L
c(e+a)
[OIII] respectively. In order to avoid the eﬀect of extreme values on
the fitting result, we use a 95% criterion selection, i.e., the galaxies with top 2.5% and low
2.5% values of either LAGN or L[OIII] are rejected in the linear fit. Note that the 33(/136)
galaxies without AGN detection in SED decomposition are also excluded in the linear
fitting. The Pearson correlation coeﬃcient (PCC) is included to describe the relationship
of LAGN and L[OIII], which is defined as
ρpccX,Y =
E[(X − µX)(Y − µY )]
σXσY
, (2.16)
where X = LAGN and Y = L[OIII]; µ and σ are the mean and standard deviation, respec-
tively; E denotes expectation. ρpcc = 1 for ideal linear relationship; ρpcc = 0 means no
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Figure 2.24: The BPT diagram identification which is performed for 131 galaxies using the
flux of narrow component of each emission line. The numbers of Seyfert 2, composite and
star-forming (Hii) galaxies are 45, 71, and 15, respectively
linear relationship exists for X and Y . For the observed Lobs[OIII], we obtain logLobs[OIII] =
0.28 logLAGN + 38.1 and ρpcc = 0.36, where logLobs[OIII] in the unit of erg/s and LAGN is
in the unit of L⊙. For the corrected Lc(e+a)[OIII] , we obtain L
c(e+a)
[OIII] = 0.34 logLAGN + 38.6
and ρpcc = 0.48. The ρpcc = 0.4 ∼ 0.5 indicates a relatively strong correlation between
estimated LAGN and L[OIII], and suggests the consistency of the determination of AGN’s
activity from SED decomposition and [Oiii] emission line. If we consider the LAGN/L[OIII]
as the bolometric correction for L[OIII], then or a AGN with LAGN = 1012L⊙, the estimated
LAGN/L
c(e+a)
[OIII] is 880, which is close to the bolometric correction reported by Lamastra et
al. (2009), e.g., ∼ 600 (see also Kauﬀmann and Heckman, 2009).
2.4.3 Stellar mass and star formation rate
The stellar decomposition in the optical spectra fitting results in the best-fit CSP tem-
plates, which provides the mass-to-luminosity ratio of stars, and the luminosity of MS and
TSB components, thus the stellar massesM spMS andM
sp
TSB can be estimated. However,M
sp
MS
andM spTSB only denote the masses of components within the 3′′ fibers of SDSS spectroscopy
observations (2′′ for BOSS spectroscopy), not the masses of the whole galaxies, which
should be corrected to the SDSS photometric fluxes of the entire galaxies. The aperture-
loss correction factors CAPE,MS and CAPE,TSB can be estimated in the SED fitting process,
and the best-fit results show averages of CAPE,MS = 1.9 ± 0.6 and CAPE,TSB = 2.0 ± 1.8
for the entire sample. The mass of stars in the ASB component can be estimated from the
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Figure 2.25: SF bolometric luminosity versus AGN bolometric luminosity for 131 galaxies
with BPT diagram classifications. The colors of the legend are the same as in Figure 2.24,
while the dots covered by grey shadow mean galaxies without AGN detection in SED fitting.
The orange shadow region denotes the mean position and ±1σ range for Seyfert 2 galaxies
(except for galaxies in grey shadow). The blue shadow region denotes the mean position and
±1σ range for star-forming (Hii) galaxies (except for galaxies in grey shadow).
reproduced intrinsic bolometric luminosity (LASB) with the assumption that the ASB has
the same stellar population (and the same mass-to-luminosity ratio) as TSB components,
i.e., MASB = LASB(M spTSB/L
sp
TSB). Therefore the total stellar mass of the galaxy can be
described as:
Mstar,tot = CAPE,MSM
sp
MS + CAPE,TSBM
sp
TSB + LASB
M spTSB
L spTSB
. (2.17)
Since the SED decomposition with the uncertainty estimation is performed with the fixed
best-fit results of the spectral fitting, in order to show the scatters of best-fit spectral model
in the final results, the uncertainty of Mstar,tot is calculated using uncertainty transfer
equation:
(dMstar,tot)
2 =
(
dMSEDstar,tot
)2
+ CAPE,MS
(
dM spMS
)2
+ CAPE,TSB
(
dM spTSB
)2
+ LASB
(
d
M spTSB
L spTSB
)2
,
(2.18)
where dMSEDstar,tot is the scatter estimated from Monte Carlo simulation in SED fitting with
M spMS, M
sp
TSB and L
sp
TSB fixed to the best-fit values in spectral fitting; dM
sp
MS, dM
sp
TSB and
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Figure 2.26: The [Oiii] luminosity versus AGN bolometric luminosity for 136 galaxies with
Lobs[OIII]/σ
obs
[OIII] > 5. The orange and blue dots denote the observed Lobs[OIII] and corrected L
c(e+a)
[OIII] ,
respectively. Both extinction and aperture-loss are corrected for blue dots. The orange and
blue lines are linear fitting lines and the dotted lines the ±1σ ranges. The dots covered by
grey shadow mean galaxies without AGN detection in SED fitting, and these galaxies are not
used in linear fitting.
d(M spTSB/L
sp
TSB) are the scatters estimated from Monte Carlo simulation in spectral fitting.
Note that because the variables in the right side of Equation 2.18 are not absolutely
independent, the dMstar,tot calculated from the transfer equation should be considered as
some upper bound. The total current star formation rate can be described as the sum of
the SFRs of the three stellar components:
SFRstar,tot =SFRMS + SFRTSB + SFRASB
=CAPE,MSSFR
sp
MS + CAPE,TSBSFR
sp
TSB + LASB
SFR spTSB
L spTSB
,
(2.19)
where SFR spMS and SFR
sp
TSB mean the simultaneous star formation rates of MS and TSB
components estimated from the reproduced star formation history in the spectral fitting.
The uncertainty of SFRstar,tot can be calculated using a similar method with Equation
2.18.
Figure 2.27 shows the SFR-Mstar diagram for the AKARI ULIRG sample. The results
indicating a population of massive galaxies with average Mstar = 4.1 ± 1.3 × 1011M⊙,
which locate above the star-forming main sequence (z = 0–0.5, Peng & Maiolino 2014),
with an average SFR= 390 ± 290M⊙ yr−1. 12 ULIRGs have SFR> 1000M⊙ yr−1, in
which J115458.02+111428.8 (z = 0.798, L1–1000 = 1.28 × 1013L⊙) shows the largest SFR
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close to 5000M⊙ yr−1. The best-fit spectral and SED decomposition results of the object
are shown in Figure 2.28. 72 galaxies in the total sample are covered by the galaxy catalog
of MPA-JHU group17 (shown in orange dots in Figure 2.27). We compare the estimation
ofMstar and SFR for the 72 galaxies, and the results of the comparison are shown in Figure
2.29 and 2.30, respectively. For both Mstar and SFR reported by MPA-JHU group, we
choose the median values of the probability distribution function (PDF) as the estimates,
and use the half width from the 16th to the 84th percentile of the PDF as the uncertainty.
The Mstar in MPA-JHU catalog was estimated using SDSS photometry after correcting
for the contribution of emission lines using the optical spectra. We compare both of
the results estimated based on fiber magnitudes (MPA-JHU) / fiber spectra (this work),
and the results using model magnitudes (MPA-JHU) / spectra corrected for aperture-
loss (this work). Both of the two comparison show consistent with an average factor
of about 1.8 ∼ 1.9. The discrepancy could be due to the diﬀerent IMF used in the
analysis. Compared to the IMF of Kroupa (2001) used by MPA-JHU group, the IMF of
Salpeter (1955) contains larger number of low mass stars and could yield out larger mass-
to-luminosity ratio (e.g., Cappellari, 2012), which leads to a higher estimate of stellar
mass. Akiyama et al. (2008) found that for a typical SED with rest U-V color of 1.0, the
ratio of estimated stellar masses using IMF and Salpeter (1955) and Kroupa (2001) is 1.8,
which is fully consistent with the observed oﬀset in this work.
However, the comparison for SFR shows quite diﬀerent results. We also compare both
of the fibre SFR and total SFR (orange and blue dots in Figure 2.30, respectively). The
fibre SFR in MPA-JHU catalog is estimated using emission lines luminosity (Brinchmann
et al., 2004) and the total SFR is estimated using the galaxy photometry following Salim
et al. (2007). The SFR reported in this work is measured from the reproduced star
formation history (fiber SFR) and corrected to match the FIR flux (total SFR). Both of
the fiber SFR and total SFR in our results are with higher values compared to the results
in MPA-JHU catalog, i.e., 20:4 for fiber SFR, and 300:10 for total SFR (all in unit of M⊙
yr−1). The diﬀerence between the estimates of SFR in the two works indicates that for
dust obscured galaxies like ULIRGs, the SFR estimated from pure optical method could
be severely underestimated. In order to check the reliability of the SFR from the SED
modeling, which considers fully obscured starburst to explain the observed FIR flux, we
also compare with the results directly estimated from the integrated IR luminosity L8–1000,
which is estimated from the best-fit SED model, and the empirical relationship determined
by Kennicutt (1998):
SFR
M⊙/yr
= 4.5× 10−44L8–1000
erg/s
, (2.20)
which was yields out for continuous starbursts of age 10–100 Myr with the IMF of Salpeter
(1955). The results and comparison are shown in Figure 2.31. The two results show a
nearly constant ratio (with the linear slope close to 1.0) of about 1.7. The higher estimates
in our work could be due to the fact that we ignore the higher energy photons (> 13.6 eV)
in the dust extinction, which requires more young stars (higher SFR) to explain the FIR
dust emission in the energy conservation equations (Equation 2.12).
2.4.4 Outflow velocity of ionized gas
The [Oiii] 5007Å emission line kinematics is widely used as an indicator of the outflowing
ionized gas (an example shown in Figure 2.32). In order to describe the multi-component
profiles, following Zakamska and Greene (2014) and Perna et al. (2015), we employ the
17https://www.sdss.org/dr12/spectro/galaxy_mpajhu/
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Figure 2.27: The star formation rate (SFR) versus total stellar mass (Mstar) for AKARI -
ULIRG sample. The SFR is estimated using SFH from spectral fitting results and modified
with SED decomposition (Equation2.19). The Mstar denotes the total mass of old and young
stellar populations, which is estimated using SFH from spectral fitting results and corrected
for aperture-loss with SDSS photometry (Equation 2.17). The blue dots and stars denote the
galaxies spectroscopically identified by SDSS and FOCAS, respectively, while orange small
dots mark the galaxies which are reported in the sample of MPA-JHU group. The green
shadow region denotes the star-forming main-sequence at z = 0–0.5 (Peng & Maiolino 2014).
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Figure 2.28: Best-fit spectral (left) and SED decomposition (right) results of a ULIRG,
J115458.02+111428.8. The legends in the left panel are the same as those used in Figure 2.13.
The legends in the right panel are the same as Figure 2.18.
velocity defined from the normalized cumulative distribution:
F =
∫ vF
−∞
f(v′) dv′ /
∫ ∞
−∞
f(v′) dv′, (2.21)
2.4. Properties of the AKARI ULIRG sample from spectrum-SED decomposition 47
Figure 2.29: Comparison between the estimation of stellar mass from this work (y-axis) and
MPA-JHU catalog (x-axis, orange: lgm_fib_p50; blue: lgm_tot_p50 from galSpecExtra
catalog). The orange dots denote the results directly estimated from optical spectra, while
the blue dots show the results corrected for aperture-loss using SDSS photometry (in the
results from this work, the stellar mass of hidden starburst is also considered). Orange and
blue solid lines are the linear fit for orange and blue dots, respectively, with the slope fixed
to 1. The average ratio between the results from this work and those from MPA-JHU is 1.9
for uncorrected (orange) and 1.8 for aperture-loss corrected stellar mass (blue), respectively.
Orange and blue dotted lines show 1σ range for each linear fit, respectively, and grey dashed
line denotes the 1:1 position.
where f(v) is the flux per velocity unit from the best fit spectrum, F equals to the
fraction of flux with velocity v ≤ vF. |v50| is the 50% flux velocity of the total [Oiii] line
profile (narrow + broad components), which denotes the median velocity shift. The width
comprising 80 percent of the total flux, i.e., w80 ≡ v90−v10, is adopted to denote the width
of the entire line profile, which is equivalent to 2.563 times of the standard deviation for
a single Gaussian profile. Figure 2.32 shows the measured velocity shifts (v50) and widths
(w80) of the [Oiii] lines for 136 ULIRGs with Lobs[OIII]/σobs[OIII] > 5 (σobs[OIII] is the scatter of
estimated Lobs[OIII]) in the sample. The measured w80 is correlated with v50, indicating that
the outflowing gas with a faster velocity shift tends to be more turbulent.
128 out of the 136 ULIRGs show [Oiii] emission line blueshifted in relative to the stellar
continuum, i.e., v50 < 0, indicating that the ionized gas moves towards the observer. Due
to the obscuration of the dusty stellar disk to the emission in the side far from the observer,
we consider the observed [Oiii] emission line is dominated by the outflowing gas in the
side near to the observer. The rest 8 ULIRGs show redshifted [Oiii] line (v50 > 0) with 3
ULIRGs show v50 > 100 km s−1, which could be due to predominant inflowing gas, or a
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Figure 2.30: Comparison between the estimation of SFR from this work (y-axis) and MPA-
JHU catalog (x-axis, orange: sfr_fib_p50; blue: sfr_tot_p50 from galSpecExtra catalog).
The orange dots denote the results directly estimated from optical spectra, while the blue dots
show the results corrected for aperture-loss using SDSS photometry. Note that the SFR from
MPA-JHU catalog is estimated using nebular emission lines. In this work, SFR is estimated
from spectral fitting with a certain SFH (orange), which is corrected for aperture-loss and
to match FIR photometry in SED decomposition (blue). Orange and blue solid lines are the
linear fit for orange and blue dots, respectively. The average ratio between the SFR estimated
from this work and MPA-JHU catalog is 4.0 for those based on fibre spectra (orange). The
FIR-based SFR from this work is much higher than the line-based results, which is possibly
because that the FIR-based estimation is less sensitive to extinction. Orange and blue dotted
lines show 1σ range for each linear fit, respectively, and grey dashed line denotes the 1:1
position.
large inclination of the outflow direction compared to the perpendicular direction of the
stellar disk.
Estimating the bulk outflow velocity from the observed line velocities is not straight-
forward, because the conversion depends by the geometry of the outflowing gas and the
spatial distribution of velocity (Liu et al., 2013; Fiore et al., 2017). Veilleux et al. (2005)
defined the maximum velocity of the outflow as vout ≃ |vshift|+FWHM/2 (see also Rupke et
al., 2005; Westmoquette et al., 2012; Arribas et al., 2014); while other researchers adopted
a partly diﬀerent definition with a higher weight of line width, i.e., vout ≃ |vshift|+FWHM
(Rupke and Veilleux, 2013; Fiore et al., 2017). We employ the first definition assum-
ing vshift = v50 but replace FWHM with w80 following Manzano-King et al. (2019).
The results of the estimated outflow velocity (vout = |v50| + w80/2) are shown in Fig-
ure 2.34. We also compare the outflow velocity with the values from another definition
vout =
√
v250 + 3(w80/2.56)
2, which is usually used in the estimation of the kinetic energy
2.5. Discussions on the evolutionary path of AKARI selected ULIRGs 49
Figure 2.31: Comparison between the estimation of SFR from this work (y-axis) and the
integrated luminosity L8–1000 with the empirical relationship reported by Kennicutt (1998)
(Equation 2.20). The average ratio between the SFR estimated from this work and Kennicutt
(1998) relationship is 1.58. Blue dotted lines show 1σ range for the linear fit, and grey dashed
line denotes the 1:1 position.
(Harrison et al., 2014), and find that the two definitions yield out consistent results with
average ratio of 1.0 ± 0.1. The comparison between the outflow velocities from the two
definitions are also shown in Figure 2.34.
Finally we compare the estimated outflow velocity (vout = |v50| + w80/2) with the
rotation velocity (σrot) of the stellar disk. σrot is estimated as the dispersion (FWHM /2.35)
in the absorption line features of the stellar continuum (see 2.3.1 for details). The results
are shown in Figure 2.35. Among the 136 ULIRGs with Lobs[OIII]/σobs[OIII] > 5, 77 ULIRGs
show 2 ≤ vout/σrot < 5 and 46 ULIRGs show vout/σrot ≥ 5, suggesting that for the
majority of the ULIRGs in the sample, the outflow velocity exceeds the rotation velocity
of the stellar disk.
2.5 Discussions on the evolutionary path of AKARI se-
lected ULIRGs
2.5.1 Relationship between outflow velocity and AGN’s activity
We firstly show the relationship between outflow velocity (vout) and AGN bolometric
contribution (fAGN) as well as AGN bolometric luminosity (LAGN) in Figure 2.36 and 2.37,
respectively. Similar to the relationship between LAGN and L[OIII], we perform a similar
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Figure 2.32: Example of spectral fitting for [Oiii] 5007Å emission line for a ULIRG,
J112657.76+163912.0. The full spectrum for the ULIRG is shown in Figure B.6. The leg-
ends are the same as those in Figure 2.13.
linear fit for the relationship of vout and fAGN for the 103 galaxies with Lobs[OIII]/σobs[OIII] > 5
and fAGN > 0.001. The derived linear relation is log vout = 0.13 log fAGN + 2.89, with
ρpcc = 0.43. As for LAGN, we obtain log vout = 0.12 logLAGN + 1.41, with ρpcc = 0.44.
Both of vout-fAGN and vout-LAGN show a significant correlation, indicating that the outflow
velocity in ULIRGs is highly correlated with the AGN activity.
We also check the relationship between vout and star formation bolometric luminosity
(LSF). The distribution and linear fit results are shown in Figure 2.38. The linear fit
function is log vout = 0.18 logLSF+0.56, however, the correlation coeﬃcient is ρpcc = 0.19,
much smaller than ρpcc = 0.44 of vout-LAGN. The comparison between the linear fitting
results suggests again that the outflow velocity is more tightly related to AGN activity.
The correlation between outflow velocity and AGN activity suggests AGNs capability
to aﬀect the evolution of the host galaxy. It is consistent with the merger induced evolu-
tionary scenario that powerful outflows are originated as ULIRGs evolve from weak-AGN
phase to luminous-AGN phase, which can blow out the gas and dust, terminate the star
formation in the galaxy and finally transfer the ULIRG to quiescent elliptical galaxy.
2.5.2 Co-existence of fast outflows and intense starbursts
In the evolutionary scenario of massive galaxies, the AGN-driven outflows are required to
be powerful enough to expel the gas completely from the host galaxy potentials to eﬀec-
tively terminate star formation in the host galaxies and remove the fuel for the proceeding
accretion onto the black holes (e.g., Di Matteo et al., 2005; Hopkins et al., 2008). In or-
der to check whether the fast outflowing gas are capable to escape from the gravitational
potential of the host galaxy and the embedded halo, we estimate the escaping velocity in
diﬀerent spatial scales. The halo mass is estimated using the stellar mass from Equation
2.17 and the galaxy to halo mass ratio from the multi-epoch abundance matching simu-
lation (Moster et al., 2013). The gravitational potential at a given distance (r) from the
center, Ψ(r), can be calculated using a spherical NFW potential profile (Lokas & Mamon
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Figure 2.33: Velocity shifts (v50) and widths (w80) measured from [Oiii] 5007Å emission
line for AKARI selected ULIRG sample. The dotted, dashed and dash-dotted lines denote
the outflow velocity (vout = |v50|+ w80/2) of 500, 1000, and 2000 km s−1, respectively.
2001). We define the escaping velocity as the minimum velocity required for the gas to
travel from center to a outer radius rm, i.e., vesc =
√
2|Ψ(rm)−Ψ(r = 0)|. Then the es-
caping velocity of the halo, i.e., vesc,halo, is calculated at rm = rvir, where rvir is the virial
radius of the halo (∼ 400 kpc for a galaxy with Mstar = 1011M⊙). The escaping velocity
of the galaxy, i.e., vesc,gal, is calculated for rm = 0.1 rvir. Note that both of vesc,halo and
vesc,gal could be overestimated since we assume a starting point at the center of the galaxy,
however, the degree of the overestimation is less than 10% if we consider a starting point
at 0.01 rvir (∼ 4 kpc for a galaxy with Mstar = 1011M⊙). The example of the comparison
using diﬀerent starting radii are shown in Figure 2.39. The 136 ULIRGs with reliable
[Oiii] detections (Lobs[OIII]/σobs[OIII] > 5) can be divided into three categories: (1) 5 ULIRGs
with vout > vesc,halo; (2) 13 ULIRGs with vesc,gal < vout ≤ vesc,halo; (3) 118 ULIRGs with
vout ≤ vesc,gal, which are shown in red, orange, blue dots in Figure 2.39.
The comparison between outflow velocities and escaping velocities suggests that only
5 (13) ULIRGs possess outflows which are fast enough to escape from the gravitational
potential of the host halos (galaxies). However, those galaxies do not show suppressed
star formation compared to the galaxies with vout ≤ vesc,gal. The SFR versus outflow
velocity for the ULIRG sample are shown in 2.40, which indicates that the ULIRGs with
fast outflow (either vout > vesc,halo or vout > 1000 km s−1) possess a comparable SFR, i.e.,
400–2000 M⊙ yr−1, to the ULIRGs with moderately fast outflow. The co-existence of the
extremely strong outflow and vigorous starburst suggests that the star formation has not
yet been quenched by the outflow, even though the powerful winds show the capability to
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Figure 2.34: Comparison between the outflow velocities with two diﬀerent definitions. The
x-axis shows vout =
√
v250 + 3(w80/2.56)
2 and the y-axis shows vout = |v50|+w80/2. The grey
dashed line denotes 1:1 position.
push the gas out of the intergalactic environment (vout > vesc,halo).
The properties of eight ULIRGs with extremely fast outflow (vout ! 1500 km s−1)
are summarized in Table 2.5, in which four ULIRGs show vout > vesc,halo and the other
four show vout < vesc,gal. The best-fit spectral and SED decomposition results are shown
in Figure B.1-B.8. Within the eight ULIRGs with fast outflow, J114231.90+290311.3,
J144104.38+532008.7, and J160933.41+283058.4 possess a typical ULIRG-level SFR (∼
400M⊙ yr−1) and a moderate stellar mass of about 1011M⊙. The other four ULIRGs,
J090307.84+021152.1, J094100.81+143614.5, J112657.76+163912.0, and J204837.26-002437.2
show an up to 5 times higher SFR and a 10 times higher stellar mass. They could be the in-
tensest systems in the intermediate redshift (z ∼ 0.5), especially for J112657.76+163912.0,
which possesses a luminous AGN with bolometric luminosity of 1014 L⊙ (ELIRG-level).
The massive galaxies suggest a deep gravitational potential, which results in the fact that
although the gas is extremely turbulent, it could be locked in the intergalactic environ-
ment. The last ULIRG, J091624.75+073021.8 (red stars in Figure 2.39), could be the most
interesting one, which possess one of the fastest outflows but with a moderate stellar mass,
indicating the capability to expel the gas even out of the galaxy and even out of the halo.
The FOCAS long slit spectroscopical observation make it possible to investigate the spatial
extent of the powerful outflow. We discuss the detailed properties of J091624.75+073021.8
in Chapter 3 (Chen et al., 2019).
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Figure 2.35: Comparison between the outflow velocity (vout = |v50| + w80/2, y-axis) and
the dispersion of the stellar disk (σrot = FWHMcont/2.35, x-axis). The estimated σrot shows
a lower limit of about 40 km s−1, which is due to the intrinsic dispersion of the spectral
templates of Bruzual and Charlot (2003). The dotted, dashed and dash-dotted lines denote
the ratio vout/σrot of 2, 5, and 10, respectively.
2.5.3 No clear evidence of the evolution path from SF dominated to
AGN dominated ULIRGs
In the commonly accepted scenario of the evolution of massive galaxies (e.g., Sanders et
al., 1988; Hopkins et al., 2008; Netzer, 2009; Casey et al., 2014; Ichikawa et al., 2014),
ULIRGs plays an intermediate role in the transition from normal star-forming galaxies to
quiescent elliptical galaxies that host luminous quasars, as they evolve from a colder (blue
MIR-FIR color), SF-dominated phase to a warmer (red MIR-FIR color), AGN-dominated
phase. The evolutionary path is usually described with the LSF-LAGN diagram and one
example is shown in Figure 2.41.
Figure 2.41 shows the star formation dust luminosity (LSF,dust) and the AGN bolo-
metric luminosity (LAGN) of AKARI selected ULIRG sample estimated from SED decom-
position. In order to compare with the results in the literature, here we take the total
luminosity heated by stars, i.e., LSF,dust = LISM + LBC, not the total intrinsic primary
radiation discussed in Section 2.4.1. In addition to the results of AKARI ULIRG sample,
we also plot the LSF,dust and LAGN of AKARI selected LIRG (1011L⊙≤ L1–1000 < 1012L⊙)
and normal star-forming galaxies (SFG, L1–1000 < 1011L⊙). The LSF,dust and torus lumi-
nosity LisoTorus are estimated using the 2-band method (Equation 2.3 ) for SFG and LIRG
sample. We employ the LAGN-LMIR relationship of Ichikawa et al. (2014) to estimate the
AGN bolometric luminosity assuming LMIR ∼ LisoTorus. In addition, we show the LSF-LAGN
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Figure 2.36: Relationship between outflow velocity (vout) and AGN bolometric contribution
fAGN. Blue solid line denotes the linear fit for the subsample with SNR> 5. Blue dotted
lines denote the 1σ range. The Pearson correlation coeﬃcient (ρpcc) between vout and fAGN is
0.43. Grey shadow region denotes the galaxies for which the AGN component is not required
in SED decomposition, and those galaxies are ignored in the above linear fit.
correlation presented by Netzer (2009) for reference, which was obtained from the local
optically selected Seyfert 2 galaxies (grey star and shadow in Figure 2.41). The arrows and
time tags, i.e., t0-t3 show a suggested evolution path for a ‘single event’ merger (Netzer,
2009). The merger occurring at time t0 leads to a catastrophic gas inflow and an intense
star formation activity, which moves the galaxy to ULIRG period. As the inflowing gas
reaches into the central region of the galaxy at time t1, the activity of AGN begins to
increase until t2. The SFR begins to decrease due to the consuming of the gas and the
feedback eﬀect of starburst and / or AGN. Finally both of the star formation and AGN
activity decay as a result of the diminishing supply of cold gas of the star-forming region
and the central blackhole.
One prediction of the evolutionary scenario is that as the ULIRG evolves to AGN
luminous phase, the outflow becomes intense and which provides one of the main mecha-
nism to blow out the gas and dust, terminate the star formation in the galaxy and finally
transfer the ULIRG to quiescent elliptical galaxy. This is consistent with the observed
correlation between the outflow velocity and the luminosity of AGN.
Another prediction of the merger scenario is that ULIRGs should experience continuous
accumulation of stellar mass with the intense SFR during their lifetimes (e.g., t1-t2 in
Figure 2.41), thus the later-stage, AGN dominated ULIRGs are expected to possess larger
stellar mass than the early-stage, SF dominated ULIRGs. The comparison between LAGN
and total stellar mass Mstar,tot is shown in Figure 2.42. A linear fit is performed to the
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Figure 2.37: Relationship between outflow velocity and AGN bolometric luminosity (LAGN).
The Pearson correlation coeﬃcient (ρpcc) between vout and fAGN is 0.44. The legends are the
same as in Figure 2.36
96(/149) galaxies with detected AGN (fAGN > 0.001) in the SED decomposition and
within the 95% criterion (Section 2.4.2). The best-fit shows a correlation as Mstar,tot ∝
L0.05AGN, however, the Pearson correlation coeﬃcient is only 0.16 with a high null-hypothesis
p-value 18 of 0.12, which means the correlation between LAGN and Mstar,tot is very weak.
We have also checked the results of SFR and specific SFR and find that both of them are
un-correlated with LAGN (Figure 2.43), which is consistent with the discussion in Section
2.5.2 and suggests that there is no strong AGN feedback to quench the star formation in
the host galaxy.
The mass fraction of stars younger than 100 Myr (f100Myr) is also used to describe
the evolutionary sequence of ULIRGs in the literature. Hou et al. (2011) presented that
the AGN dominated ULIRGs (identified as Seyfert 2 galaxies by the BPT classification)
show older stellar population, i.e., smaller f100Myr, compared to SF dominated ULIRGs,
which supports the the merger picture. However, the evolution sequence was questioned
by other works, e.g., Rodríguez Zaurín et al. (2010) and Su et al. (2013). We show the
comparison between f100Myr and LAGN for AKARI selected ULIRG sample in Figure 2.44
(left panel). Both of the f100Myr directly estimated using the fiber spectra and those
corrected for aperture-loss and hidden starbursts (ASB components) are considered and
we find there is no correlation between f100Myr and LAGN.
Similar check is performed for E(B−V )-LAGN and the conclusion is still no correlation
(right panel of Figure 2.44), which also does not support the evolutionary scenario since
18The probability of a un-correlated system with the observed ρpcc.
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Figure 2.38: Relationship between outflow velocity (vout) and star formation bolometric
luminosity (LSF).
within the scheme the AGN dominated ULIRGs are expected to possess more transparent
star-forming regions with lower E(B − V ), as a result of the intense outflow which blow
out the gas and dust out of the star-forming regions.
In summary, although we find the correlation between outflow and AGN activity, our
results do not support the merger-induced evolutionary scenario of ULIRGs because of
no clear link between ULIRG types (SF or AGN dominated) and other properties, e.g.,
stellar mass, is found for our ULIRG sample.
One possible explanation is that the timescale of the phase transition from SF dom-
inated to AGN dominated ULIRGs is much shorter than the lifetime of ULIRGs (i.e.,
the duration of intense starbursts), thus the SF dominated and AGN dominated ULIRGs
could possess similar stellar populations. Several simulation works reported that the fast-
transition is possible at some conditions, e.g., the mass ratio of the progenitor galaxies of
the merger is larger than 1:1 (Johansson et al., 2008). It is also possible that the selected
ULIRG sample is biased to massive galaxies, thus the accumulated stellar mass during the
ULIRG phase could not significantly aﬀect the total stellar mass of the galaxy.
2.5.4 Possible eﬀect of the galactic-scale dust heated by AGN
An underlying assumption of the typical SED decomposition method for galaxies is that
the dust heated by stellar light dominates the bulk of the observed FIR radiation, and
the AGN dusty torus mainly contributes to the MIR excess due to a higher dust temper-
ature (e.g., Section 2.3.2, see also Ciesla et al., 2015; Małek et al., 2017). However, an
equatorial optically-thick torus is only a first-order approximation of the circumnuclear
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Figure 2.39: The outflow velocity (vout) versus stella mass of the host galaxy. The dots and
stars denote the galaxies spectroscopically identified by SDSS and FOCAS, respectively The
galaxies with vout > vesc,halo, vesc,gal < vout ≤ vesc,halo and vout ≤ vesc,gal are shown in red,
orange, blue dots, respectively. The dots circled in violet mark the galaxies with extremely
fast outflow (vout ! 1500 km s−1). Grey dots denote the galaxies with detection of [Oiii] in
low SNR. Green dashed and dotted lines show the escaping velocity of the halo and the galaxy
from a starting radius of zero, i.e., vesc,halo and vesc,gal, respectively, for galaxy at z = 0.23,
the average redshift of the sample. Grey dashed and dotted lines show the same estimates but
with a starting radius of 0.01 rvir, where rvir is the virial radius of the halo (∼ 400 kpc for a
galaxy with Mstar = 1011M⊙).
dust environment around AGN, and the dust can be extended at a larger scale (∼ 102–103
pc) in the polar direction, i.e., the direction perpendicular to the equatorial plane of the
torus (Lyu and Rieke, 2018). The scheme is supported by the recent MIR interferometric
observations for nearby Seyfert galaxies (e.g, Raban et al., 2009; Hönig et al., 2012; Hönig
et al., 2013; Leftley et al., 2018). The polar dust can also contribute to the FIR emission
since the dust in a large scale is cooler than those in the torus. Dust models combing
both of the torus dust and polar dust with sophisticated geometry has been developed
using radiation transfer codes to explain the observed interferometric image (e.g., Hönig
and Kishimoto, 2017; Stalevski et al., 2017). The best-fit geometry is usually depends on
the particular observational constraints for individual AGNs. Here we introduce a simpler
method to model the AGN-heated dust at a large scale to quickly test the possible eﬀect
of the additional dust component on the analyses of the evolution of ULIRGs.
Since at a large distance the dust can be assumed to be heated by a point-like radiation
source, we consider the polar dust component follows a scaled PDR structure (Equation
2.9), and the energy conservation between the absorption and the re-emitted thermal
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Figure 2.40: The SFR versus outflow velocity (vout) for AKARI selected ULIRG sample.
The dots and stars denote the galaxies spectroscopically identified by SDSS and FOCAS,
respectively The galaxies with vout > vesc,halo, vesc,gal < vout ≤ vesc,halo and vout ≤ vesc,gal
are shown in red, orange, blue dots, respectively. The dots circled in violet mark the galaxies
with extremely fast outflow (vout ! 1500 km s−1). Grey dots denote the detection of [Oiii] is
in low SNR.
radiation can be calculated as:∫ 1mm
912Å FAD(i = 0)
[
1− 10−0.4(τλ/τV)AV,Pol] dλ∫
FAD(i = 0) dλ
=
LPol
LAGN
(
1−
(
ΩTor
4π
)2)−1
, (2.22)
where FAD(i = 0) denotes the assumed SED of the AGN accretion disk (see Section 2.3.2
for details) in polar direction; τλ/τV and AV,Pol are the dust opacity and extinction in the
polar direction; LPol and LAGN denote the luminosity of polar dust and the bolometric
luminosity of AGN; ΩTor/4π is covering factor of the torus, which is related to the half
opening angle (Θ) by ΩTor/4π = sinΘ. The polar dust is assumed to be isotropic, but only
the dust directly facing the AGN, i.e., in the direction that is not covered by the torus, is
included in the energy conservation equation. We neglect the contribution from scattered
light. The component is considered to be optically-thin and the extinction measured
from the optical stellar continuum is assumed for the polar dust, i.e., AV,Pol = AV,MS.
Following the diﬀuse interstellar dust, we still employ the THEMIS dust model and its
opacity in the calculation. The inner edge of the polar dust is fixed using U = 107, which
is similar with the sublimation radius of the torus. We assume the dust at the outer edge
is with the same temperature as the ISM dust, thus the outer radius of the polar dust
can be parameterized using the average heating intensity in ISM region. For an AGN
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Table 2.5: Properties of the ULIRGs with extremely fast outflow.
Name z Mstar SFR LSF LAGN Lc(e+a)[OIII] vout
(log M⊙) (M⊙ yr−1) (log L⊙) (log L⊙) (log erg/s) (km s−1)
J091624.75+073021.81 0.49 11.2 1990 12.7 12.2 43.8 2049
J112531.90+290311.31 0.14 11.2 410 12.2 12.0 43.4 1455
J144104.38+532008.71 0.11 10.9 300 11.9 12.8 42.9 1755
J160933.41+283058.41 0.17 11.2 490 12.1 11.8 42.5 1528
J090307.84+021152.12 0.33 11.8 590 12.7 11.8 43.1 1679
J094100.81+143614.52 0.38 11.9 1830 12.8 12.4 43.4 1878
J112657.76+163912.02 0.47 11.9 1230 12.7 14.0 42.9 2061
J204837.26-002437.22 0.43 12.2 910 12.8 13.1 43.3 1544
1 ULIRGs with vout > vesc,halo (Figure B.1-B.4).
2 ULIRGs with vout < vesc,gal (Figure B.5-B.8).
t0
t1
t2
t3
Figure 2.41: The star formation dust luminosity (LSF,dust) versus the AGN bolometric
luminosity (LAGN) of AKARI selected ULIRG sample estimated from SED decomposition
(green squares). The ULIRGs with 800 km s−1≤ vout < 1500 km s−1 and vout ≥ 1500 km s−1
are shown in orange and red, respectively. The five ULIRGs with vout ≥ vesc,halo are marked
using squares surrounded with red lines. The grey dashed curve shows the rough selection
threshold for ULIRGs (LIR,total ≃ LSF,dust + LTorus ≃ LSF,dust + 0.15LAGN ≥ 1012 L⊙). Note
that the 42(/149) selected ULIRGs with no AGN are not shown in the plot. The violet and
blue dots denote the results of normal star-forming galaxies and LIRGs, respectively. See text
in Section 2.5.3 for details on the estimation of LSF,dust and LAGN. The grey dashed line
shows the LSF,dust-LAGN correlation from local Seyfert 2 galaxies (grey stars and elliptical
range, Netzer, 2009).
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Figure 2.42: The total stellar mass Mstar,tot versus the AGN bolometric luminosity (LAGN)
of AKARI selected ULIRG sample estimated from SED decomposition. The dots and stars
denote the galaxies spectroscopically identified by SDSS and FOCAS, respectively The galaxies
with vout > vesc,halo, vesc,gal < vout ≤ vesc,halo and vout ≤ vesc,gal are shown in red, orange,
blue dots, respectively. Grey dots denote the detection of [Oiii] is in low SNR. Green solid
line denotes the linear fitting line with a 95% criterion and the green dotted lines are the 1σ
range. The best-fit shows ρpcc = 0.16 and p-value of 0.12, indicating the correlation between
LAGN and Mstar,tot is very weak.
with LAGN = 1011 L⊙ and the outer dust temperature of 30 K, the inner and outer radius
of the polar dust is approximately 3 pc and 2 kpc, respectively. For simplicity, we only
consider two cases with fixed torus opening angle Θ = 30◦ (hereafter Case 1) and Θ = 10◦
(hereafter Case 2). The half opening angle in Case 1 is the same as that in the previously
discussed default case without polar dust (hereafter Case 0). A smaller Θ in Case 2 means
that AGN can eject more energy into the polar dust, i.e., contributes more FIR radiation.
The two panels in Figure 2.45 show the LAGN and SFR estimated from SED decom-
positions with the polar dust component, and the comparison to the results in the default
case without polar dust. The LAGN from Case 1 are nearly the same as the LAGN from
Case 0, because the LAGN is limited by the MIR torus emission, and the same Θ = 30◦
corresponds to (almost) the same LAGN-LTor correlation (LAGN and LTor are the bolo-
metric luminosity of AGN (accretion disc) and the luminosity of torus). Θ = 10◦ in Case
2 suggests a smaller energy conversion fraction from AGN to torus, and yields out a ten
times higher LAGN. The LAGN-LTor correlation at Θ = 30◦ and Θ = 10◦ are shown in
Figure 2.22. The average energy conversion fractions of the polar dust (fPol = LPol/LAGN)
for Case 1 and Case 2 are 0.23± 0.05 and 0.28± 0.05, respectively. If we compare the two
cases, the average conversion fractions of the torus dust (fTor = LTor/LAGN) for Case 1
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Figure 2.43: Left: the star formation rate (SFR) versus the AGN bolometric luminosity
(LAGN) of AKARI selected ULIRG sample. The best-fit shows ρpcc = 0.11 and p-value of
0.27, indicating the correlation between LAGN and Mstar,tot is very weak. Right: the specific
star formation rate (sSFR) versus the AGN bolometric luminosity (LAGN) of AKARI selected
ULIRG sample. The green shadow region shows the star-forming main sequence (z = 0–0.5,
Peng & Maiolino 2014). The best-fit shows ρpcc = −0.10 and p-value of 0.36, indicating the
LAGN and Mstar,tot are un-correlated. In both of the two panels, the legends are the same as
those in Figure 2.42.
Figure 2.44: Left: the mass fraction of stars younger than 100 Myr (f100Myr) versus the
AGN bolometric luminosity (LAGN) of AKARI selected ULIRG sample. Right: the extinction
(E(B−V )) versus LAGN. In both of the two panels, the orange dots denote the results directly
estimated from optical spectra, while the blue dots show the results corrected for aperture-loss
and the hidden starburst (ASB). Orange and blue solid lines are the linear fit for orange and
blue dots, respectively. The best-fits for both f100Myr-LAGN and E(B − V )-LAGN show small
coeﬃcients (ρpcc = −0.20, corrected f100Myr; -0.07, fiber f100Myr; -0.08, corrected E(B − V );
0.03, fiber E(B − V )) and high p-values (0.05, corrected f100Myr; 0.52, fiber f100Myr; 0.48,
corrected E(B − V ); 0.79, fiber E(B − V )) indicating that there is no correlation for f100Myr-
LAGN or E(B − V )-LAGN.
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and Case 2 are 0.21± 0.01 and 0.03± 0.01, respectively.
Figure 2.45: Left: The comparison between the estimated AGN bolometric luminosity
(LAGN) with (y-axis) and without (x-axis) the polar dust component. The green and orange
squares denote the results with Θ = 30◦ and Θ = 10◦, respectively, where Θ is the half opening
angle of the torus. Blue dashed line shows the 1:1 ratio. Right: The comparison between the
estimated star formation rate with (y-axis) and without (x-axis) polar dust component. The
legends are the same as those in the left panel.
Since the radiation of polar dust can extend to FIR wavelength range, the SFR from
the SED decomposition with polar dust can be reduced. For simplicity we define fSFR =
SFRwith polar/SFRno polar. For the results from Case 1, 13(/149) ULIRGs show fSFR < 50%,
while 111(/149) ULIRGs show fSFR > 90%, indicating that in Case 1 for most of the
galaxies the eﬀect of polar dust on the estimation of SFR is small, unless the AGN is
very luminous. However, for results from Case 2, 41(/149) ULIRGs show fSFR < 50%, in
which 54 galaxies even show fSFR < 90%. The small fSFR in Case 2 is due to the much
cooler and redder AGN dust SED (LPol/LTor ∼ 9, to be compared, the ratio for Case 1 is
∼ 1). The results from Case 2 can be considered to show the maximum eﬀect of AGN on
the large scale dust and the estimation of SFR. Two examples of the SED decomposition
in diﬀerent cases are shown in Figure 2.46 and Figure 2.47, respectively. For the ULIRG,
J140337.76+370355.4, the SFR estimated in Case 0, Case 1, and Case 2 are 377 M⊙ yr−1,
364 M⊙ yr−1, and 291 M⊙ yr−1, respectively. The polar dust shows nearly no eﬀect on
the estimation of SFR. For the ULIRG, J160933.41+283058.4, the SFR estimated in Case
0, Case 1, and Case 2 are 487 M⊙ yr−1, 430 M⊙ yr−1, and 17 M⊙ yr−1, respectively. The
hidden starburst component (ASB) is not required in Case 2 since the FIR radiation is
fully contributed by the polar dust.
The LAGN-SFR correlations with and without polar dust component are shown in
Figure 2.48. We also perform a linear fit for the results from Case 1 and Case 2. The
SFR shows an increasingly tight correlation with LAGN from Case 0 to Case 2 ( Case 0,
ρpcc = 0.11, p-value of 0.27; Case 1, ρpcc = −0.21, p-value of 0.04; Case 2, ρpcc = −0.39, p-
value of 10−5 ). Case 2 suggests a clear quenching pattern, i.e., the SFR decreases as AGN
becomes luminous, which we do not find in the default analysis. The quenching correlation
should be treated with caution since the result is highly dependent on the assumption of
the model, e.g., the distribution and extinction of the polar dust component. However,
since the merger can trigger massive inflows of gas and dust into the nuclear region, the
highly obscured AGN embedded in galactic scale dusty environment could exist in some
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Figure 2.46: The SED decompostion in Case 0 (upper-left), Case 1 (upper-right), and Case
2 (bottom-left) for the ULIRG, J140337.76+370355.4. For simplicity, we hide the primary
emission of MS (orange thick) and TSB (green thick), as well as the diﬀuse ISM dust heated
by MS (orange thin) and TSB (green thin) for Case 1 and Case 2. The SEDs of torus and
polar dust are shown in violet and purple thin lines, respectively. The SFR estimated in Case
0, Case 1, and Case 2 are 377 M⊙ yr−1, 364 M⊙ yr−1, and 291 M⊙ yr−1, respectively. The
polar dust shows nearly no eﬀect on the estimation of SFR. The bottom-right panel shows the
optical spectrum for the galaxy.
cases, e.g., hot DOGs (Lyu and Rieke, 2018). The possible eﬀect of AGN on large scale dust
indicates that considerable uncertainties remain in the evolutionary sequence of ULIRGs.
The submm observation, e.g., ALMA, to directly determine the dust emission distribution
around the AGN is required to address the question.
2.6 Conclusions
In order to understand the stellar population and outflow properties of ULIRGs to place
observational constraints on the evolutionary path of ULIRGs, we construct a 90 µm flux
limited catalog of 1028 ULIRGs, which are selected from the AKARI FIR all-sky survey
by utilizing the SDSS optical and WISE MIR imaging data. 203 out of the 1028 ULIRGs
are spectroscopically identified by SDSS and Subaru/FOCAS observations, in which 149
ULIRGs possess galaxy dominated optical spectra. The sample is unique since it is a
statistical sample of FIR selected galaxies with reliable identification from MIR pointing.
Compared to the previous works about stellar population of ULIRGs which focused on
narrow-line objects (e.g., Hou et al., 2011), our ULIRG sample also provides the unique
opportunity to study the correlation of outflow and the evolution phase of ULIRGs.
A self-consistent spectrum-SED decomposition method has been developed for a de-
tailed analyses for the 149 ULIRGs with galaxy dominated spectra. They are identified
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Figure 2.47: The SED decomposition in Case 0 (upper-left), Case 1 (upper-right), and Case
2 (bottom-left) for the ULIRG, J160933.41+283058.4. The legends are the same as those in
Figure 2.46. The SFR estimated in Case 0, Case 1, and Case 2 are 487 M⊙ yr−1, 430 M⊙
yr−1, and 17 M⊙ yr−1, respectively. The hidden starburst component (ASB) is not required
in Case 2 since the FIR radiation is fully contributed by the polar dust. The bottom-right
panel shows the optical spectrum for the galaxy.
as the most massive galaxies (Mstar ∼ 1011M⊙-1012M⊙), associated with intense star for-
mation activity (SFR∼ 400M⊙ yr−1). 12 ULIRGs possess SFR exceeding 1000 M⊙ yr−1
and the ULIRG, J115458.02+111428.8, even shows SFR up to 5000 M⊙ yr−1, indicating
one of the most intense starbursts at z ∼ 0.5.
The ULIRGs cover a large range of AGN activity, with bolometric luminosity from
1010 L⊙ to 1013 L⊙, and the outflow velocity measured from [Oiii] 5007Å emission line
shows a significant correlation with the AGN bolometric luminosity. Several galaxies
show extremely fast outflow with vout close to 2000 km s−1. The outflow velocity of five
ULIRGs even exceeds the escaping velocity of the halos. However, the co-existence of the
strong outflow and vigorous starburst suggests that the star formation has not yet been
quenched by the outflow during the ULIRG phase.
By deriving distributions of stellar mass, SFR, mass fraction of young stellar popula-
tion, and dust extinction, we find no significant discrepancies between the properties of
stellar population in ULIRGs with weak and powerful AGN. The results are not consis-
tent with the merger-induced evolutionary scenario, which suggests that the early-stage
SF dominated ULIRGs show younger stellar populations and smaller stellar mass com-
pared to the late-stage AGN dominated ULIRGs. One possible explanation is that the
timescale of the phase transition from SF dominated to AGN dominated ULIRGs is much
shorter than the lifetime of ULIRGs (i.e., the duration of intense starbursts).
We also discussed the possible eﬀect of AGN-heated galactic scale dust on the estima-
tion of the properties of the ULIRGs. A quenching pattern, i.e., SFR decreases as AGN
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Figure 2.48: The LAGN-SFR correlations with (green, Θ = 30◦; orange, Θ = 10◦) and
without (blue) the polar dust component. The green squares with blue outline mean that
for the objects the two case yields out nearly the same LAGN and SFR, i.e., the diﬀerence is
smaller than 5%. The solid lines are the linear fit for each case and the dotted lines show the
±1σ range. Note that the objects in the grey shadow region (without AGN detection) are not
used in the linear fits.
becomes luminous, appears in the extreme case, in which the AGN is highly obscured by
kpc-scale dust. Such discussion suggests the large uncertainties in the analysis of evolu-
tion of ULIRGs. The sub-millimeter interferometric observation to determine the dust
distribution around AGN is required to address the question.
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Chapter 3
Discovery of a strong ionized-gas outflow
in an AKARI -selected ULIRG at z = 0.5
3.1 Introduction
In this chapter we report a discovery of one ULIRG selected from AKARI 90-µm FIR
survey, AKARI-FIS-V2 J0916248+073034 (hereafter J0916a), which indicates signatures
of an extremely strong outflow in both [Oiii] and [Oii] emission line profiles but possibly
with low AGN contribution to its bolometric luminosity. The paper is organized as follows.
We present the photometric and spectroscopic observations and data reduction in Section
3.2. The methods and results of optical spectral analyses and multi-band SED fitting are
shown in Section 3.3 and Section 3.4, respectively. We discuss the properties of the extreme
outflow in Section 3.5. Section 3.6 summarizes the conclusion. Throughout the paper, the
rest frame wavelengths are given in the air. We adopt the cosmological parameters H0 =
70 km s−1Mpc−1, Ωm = 0.3 and ΩΛ = 0.7.
3.2 Observation and Data Reduction
In order to construct a sample of ULIRGs at 0.5 < z < 1, we are conducting an optical
follow-up program for 90-µm FIR sources in the AKARI Far-Infrared Surveyor (FIS)
Bright Source catalog (Ver.2, hereafter FISBSCv2, Yamamura et al., in prep.) by utilizing
the Sloan Digital Sky Survey (SDSS) optical imaging data. We focus on optically-faint
sources, which are expected to be at relatively high redshifts (z ∼ 1) and luminous in the
IR wavelength range.
Seven objects are observed using FOCAS on the Subaru telescope in a service program
in S17A (S17A0216S, PI:Masayuki Akiyama). For each object, the long slit spectra were
obtained from two exposures and totally 840 seconds of integration time. The seeing during
the observation was 0.5′′. The 300B grism with SY47 filter were used. The configuration
provides spectral resolution of R = 500 at 5500 Å with slit width of 0.5′′ and covers
4600–9200 Å in the first-order of SY47. The data is reduced through bias-subtraction, flat-
fielding, cosmic rays removal and wavelength calibration, before extraction of an individual
spectrum using the IRAF package focasred. The wavelength calibration accuracy and
spectral resolution measured using the positions and widths of the night-sky emission lines
are 1 Å and 10.6 Å (FWHM), respectively, in the entire spectrum. The flux calibration is
done with the spectra of standard stars, Feige34 and GD153, taken after the observations
of the main targets. The atmospheric reddening is corrected using the Maunakea mean
atmospheric extinction curve from Buton et al. (2013). We also correct for the atmospheric
oxygen and water vapor absorptions by comparing the observed spectra of standard stars
with those archived in the CALSPEC database1. The slit-loss eﬀect was estimated to be
1http://www.stsci.edu/hst/observatory/crds/calspec.html
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approximately 50% by comparing the integrated flux to the SDSS photometry in the g-
and i-bands, and corrected in the reduced spectrum.
All of the seven objects are identified as emission line galaxies at 0.3 < z < 0.6. One of
the objects, J0916a with i-band magnitude of 20.29 mag shows emission lines at z = 0.49
with features of a strong outflow. Since the Hα-[Nii] complex of J0916a lies around 9800 Å
in the observed frame, we also examine the observed spectrum in the 9200–10000 Å range
after correcting for the contamination of the second-order spectrum, using the throughput
of the first- and second-order of the 300B+SY47 setting2 and the observed first-order
spectrum below 5000 Å.
The optical image of J0916a is shown in Figure 3.1. The object has a neighboring
galaxy J0916b with i-band magnitude of 21.43 mag. During the observation of this object
the slit was aligned to the direction along the two galaxies. We collected the photometric
data for J0916a from SDSS (u, g, r, i, z), WISE (W1–W4), AKARI (Wide-S, 90 µm)
and FIRST. WISE images of J0916a show one foreground star at the edge of the AKARI
beam in the short wavelength bands (W1 and W2 panels in Figure 3.2), but we expect
that it does not contaminate the photometry of AKARI because the star has blue infrared
color and the photometry in W4 is dominated by J0916a.
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Figure 3.1: Subaru /FOCAS image of J0916a and J0916b. The image was taken without
filter during acquisition. The wavelength range should be 4500Å–9500Å. The location of the
Subaru /FOCAS long-slit is shown with a red rectangle.
3.3 Spectroscopic Properties
3.3.1 Spectral Fitting and Line profiles
We show the reduced spectrum of J0916a in Figure 3.4, which covers the wavelength
range from [Oii] doublet to Hα-[Nii] complex. In order to examine the emission line
2https://www.subarutelescope.org/Observing/Instruments/FOCAS/spec/
eﬃciency.html
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Figure 3.2: WISE W1–W4 band images of J0916a. North is up, East is left. The size is
5′×5′ for each image. The orange circle marks the position of J0916a. One foreground star
(blue circle) lies on the edge of AKARI beam (red dotted circle, with radius of 0.5′).
Figure 3.3: AKARI Wide-S 90-µm and VLA FIRST 21-cm images of J0916a. North is up,
East is left. The size is 5′×5′ and 1′×1′, respectively.
properties of J0916a, the stellar continuum with absorption lines are subtracted from
the galaxy spectrum using the Penalized Pixel-Fitting stellar kinematics extraction code
(pPXF), which is a public code for extracting the stellar kinematics and stellar population
from absorption line spectra of galaxies (Cappellari and Emsellem, 2004; Cappellari, 2012).
The best luminosity-weighted fitting result, showing the systemic redshift of z = 0.4907±
0.0001, is shown as red curve in Figure 3.4 , and a zoomed-in spectrum covering strong
Balmer absorption lines (Hϵ, H8, H9, etc.) is shown in Figure 3.5. To determine the
uncertainty z, artificial spectra are generated by adding random noise with scatter equal
to the standard deviation of the fitting residuals. The same fitting procedure are performed
for the 100 artificial spectra using pPXF, and the scatter is adopted as the uncertainty
of the measurement. The measured velocity dispersion of the stellar component is about
370 km s−1 after correction for the instrumental profile. The luminosity-weighted age
distribution indicates a main stellar population with maximum age of 2 Gyr and a starburst
population with maximum age of 70 Myr.
The emission line profile fitting is performed using the Python Spectroscopic Toolkit
(PySpecKit) developed by Ginsburg and Mirocha (2011). We examine the profiles of the
[Oiii] 4959Å 5007Å doublet firstly since they are bright and isolated from other emission
lines. The central wavelengths and dispersions of the Gaussian profiles are tied for the
[Oiii] doublet, with the intensity ratio of the two lines fixed to the theoretical value of
1:2.92 (Osterbrock and Ferland, 2006). The velocity shift and FWHM of [Oiii] 5007Å
emission line is −770 km s−1 and 1830 km s−1, respectively, if a pair of tied Gaussian
profiles is used to fit [Oiii] doublet. The residual shows a blue excess with shift of over
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Figure 3.4: Subaru /FOCAS spectrum of J0916a in the observed frame. The best-fit stellar
continuum and emission lines are shown in red and orange, respectively.
Figure 3.5: The observed spectrum of J0916a in the Balmer absorption line region (gray solid
line) with the best-fit stellar continuum model (red solid line). A series of Balmer absorption
features (Hγ–H11) are observed. The bottom panel shows the residual after the subtraction
of the stellar continuum model. The pink shading represents the 3σ level. The noise (σ) is
estimated to be the scatter of the line-free regions.
2000 km s−1 but the excess is within 3σ level, thus an additional Gaussian profile is not
adopted in the following fitting procedure. No narrow Gaussian component is required to
fit the profile of the [Oiii] doublet.
We then consider the [Oii] doublet and Hα-[Nii] complex regions. The intensity ratio
of [Nii] 6548Å 6583Å doublet is fixed to the theoretical value of 1:3.06 (Osterbrock and
Ferland, 2006). The intensity ratio of [Oii] 3726Å 3729Å doublet is also fixed to 1:1.31.
The line ratio is calculated with the empirical function of Sanders et al. (2016) by assuming
electron temperature of 104 K and electron density of 100 cm−3, which are the typical
photoionization equilibrium temperature and electron density of Hii regions (Sanders et
al., 2016) and AGN narrow line regions (NLR) (Netzer, 1990). The forbidden lines are
fitted simultaneously, with tied centers and dispersions of the multiple emission lines for
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Figure 3.6: Emission line spectra of [Oii] (left), [Oiii] (middle), and Hα-[Nii] (right). The
forbidden lines are fitted with a narrow (green) and a broad (blue) Gaussian components.
The narrow and broad Balmer line components are shown in olive and cyan, respectively. The
dotted vertical lines denote the systemic position of each emission line.
Table 3.1: Line properties determined in the best fitting profile (bottom panel of Figure
3.6).
Name v50 (km s−1) FWHM (km s−1) w80 (km s−1) Flux (10−16erg s−1 cm−2) Lobs (1041erg s−1)
[Oii] 3726Å 3729Å −380± 90 910± 50 1690± 50 7.6± 0.2 7.0± 0.2
[Neiii] 3869Å −670± 110 1800± 110 1910± 70 3.3± 0.3 3.0± 0.2
Hβ −50± 90 310± 50 380± 50 0.9± 0.2 0.9± 0.2
[Oiii] 5007Å −770± 100 1830± 70 1940± 70 11.6± 0.3 10.7± 0.3
Hα −240± 90 360± 40 2010± 140 13.8± 1.0 12.8± 0.9
[Nii] 6583Å −380± 90 720± 50 1680± 50 17.2± 0.8 16.0± 0.7
each component 3. If only a narrow Gaussian profile (< 500 km s−1) is adopted for [Oii]
line, a residual excess of 6–7σ arises on the blue edge of the [Oii] line, suggesting that
another broad component is required to fit this blue wing. Due to the blending of Hα
and [Nii] lines, it is diﬃcult to evaluate if the broad [Nii] lines exist. Because IP of [Nii]
(14.53 eV) is similar with IP of [Oii] (13.62 eV), a reasonable assumption is that the [Nii]
line has the same profile as the [Oii] line. Thus the case with broad components of [Nii]
doublet (Figure 3.6) is adopted as a nominal fitting result, hereafter. The shift and width
of broad [Oii] and [Nii] lines are tied to the values measured from the [Oiii] line to reduce
the degeneracy.
The velocity shift (v50) and width (w80) are calculated using Equation 2.21. The total
FWHM is also defined as the width at the half maximum of the total profile (narrow +
broad). The v50, FWHM, and w80 of each emission line are summarized in Table 3.1. The
uncertainty for the velocity shifts and widths are estimated using a Monte Carlo method.
The artificial spectra are generated by adding random noise equal to the standard deviation
of the fitting residuals, and then fitted with the same fitting procedure for 100 times to
estimate the measurement error for each parameter.
Signatures of an extremely strong outflow are suggested in the emission line profiles
3Note that tying the dispersion here means the assumption that for a certain component every emission
line shows the same velocity dispersion after correcting for the instrumental broadening. Thus for each
component the width σ of the Gaussian profiles is defined as:
σ ≡ 1
2
√
2 ln 2
√(
∆v
c
λline
)2
+∆λ2ins,
with the same velocity FWHM ∆v for each line, where the λline and ∆λins are the observed central
position of the emission lines and instrumental broadening FWHM, respectively.
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Figure 3.7: Long-slit spectroscopy 2D image of [Oii] (left), [Oiii] (middle), and Hα-[Nii]
(right) emission lines after subtracting the stellar continuum. The color bars represent the
S/N ratios and only regions with S/N> 3σ are shown in each panel. The noise (σ) is estimated
to be the scatter of the oﬀ-source region in the spectroscopy 2D image. Companion galaxy
(J0916b) locates at y ∼ 11 kpc (shown by the horizontal white dotted line).
of J0916a. The [Oiii] line shows FWHM of 1830 ± 70 km s−1 with velocity shift of
−770 ± 100 km s−1 in relative to the stellar absorption lines 4. More interestingly, the
low-ionization [Oii] doublet also shows large width of 910± 50 km s−1 with velocity shift
of −380±90 km s−1. The velocities of [Oiii] and [Oii] indicate the object shows one of the
most powerful outflows observed among ULIRGs /DOGs (Toba et al. 2017; see discussion
of Section 3.5.1) at z < 1. The extremely large width of the low-ionization [Oii] line
probably suggests that the strong outflow can extend beyond the nuclear / bulge region of
the galaxy.
3.3.2 Long-slit spectroscopy 2D image of the emission lines
In order to evaluate the spatial extent of the outflow along the slit direction, we draw
the long-slit spectroscopy 2D image of the emission lines for which the stellar continuum
component is subtracted. Since one companion galaxy (hereafter J0916b, Figure 3.1)
exists at about 2′′ (∼ 11 kpc) from J0916a, we consider the stellar contribution from both
of the two galaxies. The integrated stellar spectrum of J0916b is extracted with the same
procedure as that for J0916a. We employ the assumption that the inner and outer regions
of both J0916a and J0916b possess the same stellar populations and use a Gaussian profile
for the normalization of the spatial distribution, because of the diﬃculty to fit the stellar
continuum for each pixel of the image due to the low S /N ratio at the outer regions.
The Gaussian profile is estimated from the integrated flux distribution in line-free regions.
The emission line components can be obtained after subtracting the stellar components
of these two galaxies. Three zoom-in windows of [Oii], [Oiii], and Hα-[Nii] emission lines
are shown in Figure 3.7.
J0916b locates at the same redshift (z = 0.49) as J0916a. Within the three zoom-
in windows in Figure 3.7, J0916b only possess relatively luminous [Oii] line, which is
connected to the extended [Oii] lines of J0916a. The [Oii] ‘bridge’-like component possibly
suggests the evidence of interaction between the two galaxies, which is consistent with the
normalize tidal morphology shown in Figure 3.1. It is also consistent with the merger-
induced evolutionary scenario that ULIRGs are considered to be the descendants of the
4 The uncertainty of the velocity shift is estimated to be
√
σ2shift,line + σ
2
system, where σshift,line and
σsystem are the scatters for emission lines and the systemic velocity, respectively. We take σsystem = 90
km s−1, which is the deviation between the velocities of stellar absorption lines and narrow Hα emission
line, and can be considered as the upper limit of the uncertainty of the systemic velocity.
3.4. SED Analyses with multi-band photometric data 73
major merger of two gas-rich disk galaxies. The outflowing gas of J0916a reveals extended
distribution ([Oii] and [Oiii] panels in Figure 3.7), which indicates a possible evidence of
the galaxy-wide outflow. The velocity structure and ionization source further are discussed
in details in Section 3.5.1.
3.4 SED Analyses with multi-band photometric data
3.4.1 Building templates
The distance between J0916a and J0916b (∼ 2′′) is smaller than the spatial resolution of
WISE (6.1–12.0′′) and AKARI (∼ 30′′). Because J0916b is fainter in the optical bands
and has only weak emission lines, which indicates no strong AGN or star formation activity
in J0916b, therefore hereafter we take the assumption that all of the observed MIR and
FIR fluxes are generated from J0916a.
A SED fitting for J0916a is performed using the Code Investigating GALaxy Emission
(CIGALE, Noll et al., 2009; Serra et al., 2011) of version 0.12. Stellar continuum in the
UV-optical bands and dust emission in the IR band are modeled with CIGALE, under the
underlying assumption that the energy conservation between the absorbed and re-emitted
radiation of interstellar dust. AGN component is also included with the energy balance
between absorption and re-emission of the dusty torus in the vicinity of the accretion disk.
The total IR luminosity between 1 µm and 1000 µm, LIR, is defined as the sum of the
radiations from dust heated by stars and AGN. The observed photometric data points
are fitted with the templates which depends on the combination of a series of parameters.
The best fit template is obtained by minimizing the χ2 value by the CIGALE code.
The star formation history (SFH) requires to be assumed to model the stellar contin-
uum. Two stellar components, i.e., an old stellar population (OSP) with an exponentially
declining SFR and a young stellar population (YSP) with a constant SFR (Buat et al.,
2011, p. 2014), are used in the fitting. Only three parameters, i.e., the ages of OSP and
YSP as well as the mass fraction of YSP (fburst), are adopted as free parameters to avoid
the degeneracy in the reproduction of star formation history (see Table 3.2). The values
of the age parameters are chosen according to the results from luminosity-weighted age
of stellar continuum (Figure 3.4). The star-forming timescale (τ) of OSP is fixed to be
500 Myr, assuming a typical quenching timescale for local galaxies (Lian et al., 2016).
We employ the single stellar population model of Bruzual and Charlot (2003) with the
initial mass function of Salpeter (1955) in the fitting. Metallicity is fixed to be the solar
metallicity of 0.02 for simplicity.
The extinction law of Calzetti et al. (2000) and the dust emission module of Dale et al.
(2014) are adopted in the SED fitting. A reduction factor is applied to the color excess of
the old stellar population in the dust attenuation model. The reduction factor is defined
as fatt ≡ E(B−V )OSP/E(B−V )YSP = AISMV /ABCV , assuming that the newly formed stars
are obscured in dense molecular natal clouds (BC) and old stars are in diﬀuse interstellar
medium (ISM) (Charlot and Fall, 2000; da Cunha et al., 2008). In the fitting fatt is
fixed to 0.5 following Buat et al. (2012) and Lo Faro et al. (2017). Within the model of
Dale et al. (2014), the dust is considered to be exposed to stellar light with the intensity
following a power-law distribution: dMdust/dU = U−αSF . A lower αSF suggests higher
heating intensities with the dust emission peak at shorter wavelengths, and corresponds
to more active star-forming activities (Dale et al., 2014). Because the lack of detections in
the sub-millimeter bands, we only check three values of αSF according to the results in the
literature, i.e., αSF ∼ 1.1, which is relative to an SED peaks at 60 µm with a converted
grey-body temperature of 40 K, from an IRAS 60-µm selected ‘warm’ ULIRG sample at
z = 0.1 (Symeonidis et al., 2011); αSF ∼ 1.6 for an SED with a peak at 90–100 µm and
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temperature of about 30 K, from the Spitzer /MIPS 70-µm selected ‘cold’ ULIRG sample
at 0.1 < z < 1.2 (Symeonidis et al., 2011) and the 90-µm selected ULIRGs in the AKARI
Deep Field-South (ADF-S) survey at 0.4 < z < 1.2 (Małek et al., 2017); and αSF ∼ 2.1
for SEDs of normal star-forming galaxies in ADF-S field (Małek et al., 2017).
The Fritz et al. (2006) model is employed to generate AGN emission templates. The
model consists of three components: the primary radiation from the central source, the
scattered component, and the thermal emission of a dusty torus heated by the central
engine. Six parameters were introduced by Fritz et al. (2006) to describe the structure
and geometry of the dusty torus and to solve the radiation transfer. In the fitting we fix
the radial (β = −0.5) and angular (γ = 0.0) dust distribution, the opening angle of the
torus (θ = 100.0◦) as well as the ratio of the radii (Rmax/Rmin = 60) following Małek et al.
(2017). Only two extreme values of the viewing angle of the torus ψ, 0.001◦ and 89.990◦,
are used, corresponding to type-2 and type-1 AGNs, respectively. Silicate optical depth
τ9.7 and AGN contribution fAGNIR , which is defined as the fraction of AGN IR luminosity to
the total IR luminosity of the entire galaxy, are selected as free parameters in the fitting
with ranges of 1.0–6.0 and 0.01–1.0, respectively.
Since J0916a was observed at 1.4 GHz in the VLA FIRST survey, we also consider
the radio non-thermal component in the SED fitting. The two parameters, FIR / radio
correlation coeﬃcient (qFIR) and slope of the power-law synchrotron emission (αrad) are
fixed to 2.58 and 0.70, respectively, following the model of Colina and Perez-Olea (1992),
in which the non-thermal radio emission from radio supernovae and supernova remnants
are thought to be the main contributor of the radio luminosity in ULIRGs.
The same fitting procedure to 100 simulated mock SED to estimate the uncertainties
of the parameters. The mock SEDs are simulated by adding random values with the same
scatters as the measurement errors of the photometric observations in each band.
Figure 3.8: Best fit SED result of J0916a. The observed data points are shown with blue
squares, while the model SED is shown with a black thick curve. The intrinsic and attenuated
stellar radiation components are marked with blue dashed and orange solid curves, respectively,
while the thermal re-emission by interstellar dust is shown wuth a red solid curve. The AGN
component and radio synchrotron radiation are denoted with green and brown solid curves,
respectively.
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Table 3.2: Parameters of the CIGALE SED fitting.
Star formation history
OSP e-folding time τ (Myr) 500
Age of OSP tmain (Myr) 100, 200, 400, 600
Age of YSP tburst (Myr) 10, 20, 40, 80
Mass fraction of YSP fburst 0.01, 0.03, 0.05, 0.1, 0.3, 0.5
Single stellar population (Bruzual and Charlot, 2003)
Initial mass function Salpeter (1955)
Metallicity 0.02
Dust attenuation (Calzetti et al., 2000)
E(B-V) of YSP 0.2–2.0, per 0.2
Reduction factor fatt 0.5
Dust re-emission (Dale et al., 2014)
Dust heating slope αSF 1.125, 1.625, 2.125
AGN emission (Fritz et al., 2006)
Rmax/Rmin of dusty torus 60
Optical depth at 9.7 µm τ9.7 1.0, 3.0, 6.0
Radial dust distribution β −0.5
Angular dust distribution γ 0.0
Opening angle of torus θ 100.0◦
Angle of viewing axis ψ 0.001◦, 89.990◦
fAGNIR = L
AGN
IR /L
tot
IR 0.01–0.09, per 0.01
0.1–1.0, per 0.05
Radio non-thermal emission (Colina and Perez-Olea, 1992)
FIR / radio coeﬃcient qFIR 2.58
Radio power-law slope αrad 0.7
Table 3.3: Estimation of galaxy properties from the best fit SED⋆.
SFR estimated from LdustIR 990± 44 M⊙ yr−1
Stellar mass M⋆ 9.46± 1.69× 1010 M⊙
Stellar un_att luminosity Lstarun_att 6.86± 0.31× 1012 L⊙
E(B − V ) of YSP 1.49± 0.10
SF IR luminosity LdustIR 5.75± 0.26× 1012 L⊙
Total IR luminosity LtotIR 6.13± 0.25× 1012 L⊙
AGN bolometric luminosity LAGNbol 4.65± 0.39× 1011 L⊙
fAGNIR = L
AGN
IR /(L
AGN
IR + L
dust
IR ) 6.27± 0.66%
fAGNbol = L
AGN
bol /(L
AGN
bol + L
star
un_att) 6.34± 0.65%
⋆in the case of αSF = 1.125 and qFIR = 2.60
3.4.2 The best-fit properties from the SED fitting
The best-fit parameters and SED model of J0916a are shown in Table 3.3 and Figure
3.8, respectively. The best-fit χ2ν = 0.79 indicates that the model does not overfit the
observation with limited number of data points (11).
The total IR luminosity between 1 µm and 1000 µm reaches LIR = 6.13± 0.25× 1012
L⊙. 94% of the IR luminosity originates from the re-emission of the interstellar dust
heated by star formation, which dominates the bulk of FIR emission. According to the
empirical relationship of SFR (M⊙ yr−1) = 4.5× 10−44 LdustIR (erg s−1) (Kennicutt, 1998),
the SFR is estimated to be 990 M⊙ yr−1. With the estimated stellar mass of 9.46× 1010
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Figure 3.9: SED fitting result of J0916a with AGN contribution fixed to 0%. The legends
are the same as Figure 3.8. Compared to χ2 = 0.79 of the best fit case, the fitting quality
without AGN component decreases to χ2 = 7.50.
M⊙, J0916a locates over the star-forming main sequence at 0.0 < z < 0.7 (Tasca et al.,
2015), and the oﬀset suggests intense starburst activity in the galaxy. The χ2ν for the
cases with αSF fixed to 1.125, 1.625, and 2.125 are 0.79, 4.09, and 22.87, respectively,
which indicates J0916a is similar with the ‘warm’ ULIRG samples with relatively high
grey-body temperature (∼ 40 K, Symeonidis et al., 2011).
In CIGALE the contribution of AGN is considered as fAGNIR ≡ LAGNIR /LtotIR , where LAGNIR =
LAGNthermal is the thermal radiation of dusty torus, and the fraction is estimated to be 6.27±
0.66%. We can also estimate the contribution of AGN with the bolometric luminosity of
AGN, which is estimated as the sum of the luminosities of the three components in the
model of Fritz et al. (2006):
LAGNbol = L
AGN
central + L
AGN
scattering + L
AGN
thermal, (3.1)
where LAGNcentral is the luminosity of the isotropic central source integrated in the range of
0.001–20 µm, LAGNscattering and LAGNthermal are luminosities of scattering and thermal radiation
from dusty torus, respectively, integrated in 1–1000 µm. In the best-fit SED of J0916a, the
AGN radiation only predominates the MIR band and does not extend to the wavelength
range shorter than 1 µm, suggesting that the radiation directly originated from the accre-
tion disk is absorbed in the UV-optical band. The obscuration of the AGN is consistent
with the extended morphology (as shown in Figure 3.1). The bolometric luminosity of the
host galaxy can be estimated as:
Lhostbol = L
star
attenuated + L
dust
IR = L
star
un_attenuated, (3.2)
which yields out fAGNbol ≡ LAGNbol /(LAGNbol +Lhostbol ) = 6.34± 0.65%, consistent with fAGNIR . The
bolometric luminosity of obscured AGN is considered to be the sum of total luminosity
of IR and X-ray radiations in several works (Vasudevan et al., 2010; Lusso et al., 2011).
Currently there is no X-ray detedtion for J0916a to place constraint on its AGN activity.
However, the intrinsic 2–10 keV luminosity to AGN bolometric luminosity is 0.03%–0.81%
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in the AGN hosted ULIRGs (Teng et al., 2015) or 4%–8% in obscured AGNs (Lusso et al.,
2011). Therefore the lack of X-ray observation could not significantly aﬀect the estimation
of LAGNbol of J0916a.
The resulting contribution of AGN is significantly smaller than the average values
observed among ULIRGs (35%–40%, Veilleux et al., 2009; 40%–50%, Goto et al., 2010;
20%, Ichikawa et al., 2014; 19%, Małek et al., 2017) and even smaller than that of LIRGs
(12%, Alonso-Herrero et al., 2012; 10%, Buat et al., 2015; 12%, Małek et al., 2017). In
order to test the necessity of the AGN component in the SED fitting, we carry out the
same fitting procedure with zero AGN contribution, and the result is shown in Figure
3.9. The χ2ν obviously increase to 7.50, suggesting that the AGN component is required
to reproduce the MIR observation.
3.5 Discussion
3.5.1 Outflow structure and ionization source
It is commonly found that highly ionized gas, e.g., [Oiii] and [Neiii], tends to show strong
outflows. J0916a reveals extreme outflow not only in the [Oiii] 5007Å emission line,
but also in the [Oii] 3726Å 3729Å doublets. In order to compare the broad line widths
of both [Oiii] and [Oii] lines with other galaxies in the local universe, The samples are
collected in the literature with both [Oiii] and [Oii] measurements. We examine the line
widths of 1.8 million galaxies at z ∼ 0.1 in SDSS DR7, whose absorption and emission
properties are measured by the MPA-JHU group5. Only the objects with S/N > 7 for
both [Oiii] and [Oii] lines are chosen, and their velocity (w80) distributions are plotted in
Figure 3.10 with contours. We divide the sample into star-forming galaxies (SFGs) and
Seyfert 2 galaxies (Sy2s) based on the classification of Brinchmann et al. (2004) with the
“Baldwin, Phillips & Terlevich” (BPT) diagram (Baldwin et al., 1981; Osterbrock and
Ferland, 2006). The distributions of SFGs and Sy2s peak at 100 km s−1 and 200 km s−1,
respectively. J0916a locates far beyond the velocity range of both SFG and Sy2 samples
in the local universe.
Recently several works have been presented about strong outflows observed in highly
obscured quasars / galaxies at high redshifts. Perna et al. (2015) and Zakamska et al.
(2016) reported the discovery of very broad (FWHM = 1500–3000 km s−1) and strongly
blueshifted [Oiii] emission line in the spectra of obscured quasars at z ∼ 2. Toba et
al. (2017) analyzed the ionized gas properties for 36 IR-bright DOGs at 0.3 < z < 1.0,
in which 25 galaxies are classified as ULIRGs/HyLIRGs, and found that the IR-bright
DOGs show relatively strong outflows compared to Sy2s at z < 0.3. The line widths of
[Oiii] and [Oii] emission lines of these objects are also shown in Figure 3.10. In order to
compare with the velocity dispersion measured in the same method, we obtain the SDSS
spectra of the DOG sample of Toba et al. (2017) and re-preform spectral fitting for the
them with reliable detections of both [Oiii] and [Oii] emission lines to measure the w80
dispersions. The powerful outflow of J0916a indicated by the broad ionized oxygen lines
is among the fastest ones compared to the ULIRGs/DOGs at intermediate redshifts, and
even comparable to the mostly luminous QSOs at high redshifts.
In order to evaluate the spatial extent of the ionized outflow, the spectral fitting is
applied for every line of the stellar continuum subtracted long-slit spectroscopy image
shown in Figure 3.7. The pixel sampling of 0.2′′ corresponds to a physical scale of 1.3 kpc
at the redshift of J0916a. The radial distributions of flux (left), velocity shifts (middle) and
FWHM (right) of each emission line are plotted in Figure 3.11. The [Oii] 3726Å 3729Å
5https://wwwmpa.mpa-garching.mpg.de/SDSS/DR7/
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Figure 3.10: Velocity dispersions (w80) of [Oiii] and [Oii] of J0916a, compared with those of
the local star-forming galaxies (SFGs) and Seyfert 2 galaxies (Sy2s) at z ∼ 0.1 (orange dashed
and green solid contours, respectively, MPA-JHU), IR-bright DOGs at 0.3 < z < 1.0 (blue
circles, Toba et al. 2017), and high redshift obscured QSOs at z ∼ 1.5 (red squares, Perna et
al. 2015) and at z ∼ 2.5 (brown hexagons, Zakamska et al. 2016). Note that since Zakamska
et al. (2016) did not present the results of [Oii] line width, here we use the width of [Nii]
instead, because [Nii] and [Oii] have similar ionization potential (Zakamska et al. 2014). The
dotted line shows 1:1 relation.
doublets show a more extended structure than the stellar continuum, while [Oiii] and Hα
emission lines reveal relatively compact flux distribution. The velocity profile of [Oiii] line
shows an extent to approximately 5 kpc with velocity shift over 500 km s−1 and FWHM
above 1000 km s−1, especially in the North-East side, indicating the outflow is extended
to 5 kpc scale. However, there is also the possibility that the observed [Oiii] line with high
velocity at 5 kpc originates from the smeared-out flux of an unresolved core component,
e.g., compact star-forming region or AGN NLR, by the PSF, which could result in an
overestimation of the size of outflow.
In order to test the possible eﬀect of an unresolved component on the estimation of the
extent of the outflow region, firstly we show the flux radial distribution for each velocity
window with a width of 300 km s−1 (Figure 3.12) to check if high velocity [Oiii] line can
be detected in the outskirt region. The unresolved core component is assumed to follow
the profile of the PSF and contribute to 100% of the observed [Oiii] flux in the central
position. The residuals of observed [Oiii] flux minus the PSF-convolved core component
(green solid curves in Figure 3.12) can be then used to trace the extended component.
We fit the residuals using a Gaussian profile on each of the South-West and North-East
side, and find that the extended component with a velocity shift of 600–900 km s−1 can
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Figure 3.11: Left: Normalized flux distributions along slit direction for [Oii] (orange
dashed), [Oiii] (blue dash-dotted), Hα (red dash-dot-dotted) emission lines, and R-band stel-
lar continuum (green solid). The normalized flux of the standard star, Feige34, is also plotted
to show the PSF size (violet dotted). Middle: Velocity shift in relative to stellar absorptions
of [Oiii] (blue triangles), [Oii] (orange diamonds), and Hα (narrow component, red hexagons)
emission lines. Right: Velocity dispersion (FWHM) of [Oiii] (blue triangles), [Oii] (orange
diamonds), and Hα (narrow component, red hexagons) emission lines. In all of the three
panels, the vertical dotted lines denote the positions of J0916a and J0916b.
be detected to approximately 3.5 kpc with S/N∼ 7. The noise (σ) is estimated to be
the scatter of the oﬀ-source region in the 2D spectroscopy image. If we employ 5σ as the
detection limit, the maximum radius of the extended component is about 4–5 kpc with a
velocity shift of 600–900 km s−1.
Assuming the original observed spectrum of the central pixel as the representative
spectrum of the unresolved core component, we further subtract the PSF-convolved core
component from the spectroscopy 2D image. The flux of the central pixel is fully reduced.
The spectroscopy 2D image of the extended [Oii], [Oiii], and Hα-[Nii] emission lines after
removal of the PSF-convolved core component are plotted in Figure 3.13. We re-perform
spectral fitting per pixel along the long-slit direction, and the measured velocity shifts and
widths of the [Oiii] and [Oii] lines are plotted in Figure 3.14. The results imply that, even
after the removal of the PSF-convolved core component, the [Oiii] line with high velocity
shift (∼ 800 km s−1) and FWHM (∼ 1200 km s−1) can still be detected up to 4 kpc scale
on the North-East side. As for the South-West side, the velocity shift of [Oiii] decreases
from ∼ 600 km s−1 to ∼ 300 km s−1 at 2–4 kpc. The diﬀerence between the velocity
shift on North-East side and South-West side would indicate that the outflow is within
an inclined structure. Although the velocity shift of [Oiii] is smaller on the South-West
side, the FWHM of [Oiii] is still larger than 1000 km s−1up to 4 kpc. Figure 3.15 shows
the [Oiii] spectra of the unresolved core component (left), and the extended spectra after
removal of the core component at 4 kpc on both sides (middle and right), respectively.
The more extended flux distribution as well as the lower ionization potential of [Oii]
imply that the outflow indicated by [Oii] emission line can be extended farther than [Oiii]
line. However, Figure 3.14 shows that the profiles of velocity shifts and widths of [Oii]
line is more compact compared to [Oiii]. Furthermore, the FWHM of extended [Oii] gas
at 3–4 kpc decreases from 1000 km s−1to 600 km s−1after the removal of the unresolved
core component, suggesting that the highest-velocity outflowing [Oii] gas is dominated by
the core component. Therefore, although the [Oii] gas is more spatially extended, the
compact velocity profiles and core-dominated outflowing gas with high velocity suggest
that the extended [Oii] gas in the outskirt of the galaxy has been less aﬀected by the
outflow compared to [Oiii] emitting gas.
The [Nii] /Hα and [Oiii] /Hβ emission line ratios in the outflow region (r < 4 kpc)
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Figure 3.12: The flux radial distribution of [Oiii] emission line per velocity window with
a width of 300 km s−1. The observed [Oiii] profile and the PSF from the observation of
standard star Feige34 are shown with blue dash-dotted and violet dotted lines, respectively.
The FWHM of the observed [Oiii] profile is shown in orange. The unresolved core component
is assumed to follow the profile of PSF and contribute to 100% of the observed [Oiii] flux
in the central position. The residuals of observed [Oiii] flux minus the PSF-convolved core
component, which traces the extended [Oiii] flux, is shown with green solid curves. We fit
the residuals using one Gaussian profile on each of the South-West and North-East side. The
S/N ratios and radii of the peak of each Gaussian profile are marked in red. The blue lines
denote the outflow radius where the extended components can be detected at 5σ level, while
the pink shadows indicate the ±3σ size. The noise (σ) is estimated to be the scatter of the
oﬀ-source region in the spectroscopy 2D image.
are higher than those in outside region. If we plot the line ratios of J0916a on the BPT
diagram, then all the data points within outflow region are located on AGN (Seyfert 2)
sequence (Figure 3.16). It is widely accepted that the high-velocity outflows shown by
emission lines with high-IP, e.g., [Oiii] and [Neiii], are driven by AGN radiation or wind.
On the other hand, the low-IP (13.62 eV) [Oii] line can also be significantly contributed
from the star-forming regions, thus it is interesting to examine whether the fast [Oii]
outflows are associated with the star formation activity. We use the MPA-JHU SDSS
galaxy catalog to examine the possible ionization source of fast [Oii] outflows observed
among them (Figure 3.16). Galaxies with FWHM above 600 km s−1 tend to possess higher
[Nii] /Hα and [Oiii] /Hβ line ratios, and mostly locate on the AGN sequence, implying
that the fast [Oii] outflowing gas is ionized by AGN radiation.
3.5.2 Mass outflow and energy ejection rates
In the recent works, the mass of the ionized outflowing gas has been evaluated using either
Balmer lines (Hα, e.g., Soto et al., 2012, Arribas et al., 2014; Hβ, e.g., Harrison et al.,
2014, Carniani et al., 2015) or [Oiii] 5007Å line (e.g., Cano-Díaz et al., 2012; Kakkad
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Figure 3.13: Stellar continuum subtracted long-slit spectroscopy 2D image of extended [Oii]
(left), [Oiii] (middle), and Hα-[Nii] (right) emission lines after removal of the unresolved core
component. The color bars represent the S/N ratios and only regions with S/N> 3σ are
shown in each panel. The noise (σ) is estimated to be the scatter of the oﬀ-source region
in the spectroscopy 2D image. The 4 kpc outflow radius is shown with white dashed lines.
The velocity of [Oii], [Oiii] and [Nii] emission lines on North-East side is higher than that on
the South-West side, possibly indicating an inclined structure. Other legends are the same as
those in Figure 3.7.
Figure 3.14: The velocity shifts (left) and FWHM (right) along the slit direction of extended
[Oiii] (blue triangles) and [Oii] (orange diamonds) emission lines before and after removal of
the PSF-convolved core component. For the sake of comparison, the velocity shifts and FWHM
before removing core component are also plotted using blue ([Oiii]) and orange ([Oii]) shadows.
et al., 2016). Since the Hβ emission of J0916a is weak, we estimate the mass of the ionized
outflowing gas in J0916a with Hα and [Oiii] lines. Following Carniani et al. (2015), the
mass of the ionized gas can be expressed as:
Mion ≃
∫
V
(mpnHII + 4mpnHeIII) fHII dV
≃ mp
[
1 + 4
nHeIII
nHII
] [
nHII
ne
]
⟨ne⟩fHIIV, (3.3)
where mp is the proton mass; nHeIII, nHII, and ne are the number density of helium ions,
hydrogen ions, and electrons, respectively; V is the volume of the considered region and
fHII the volume filling factor of the ionized hydrogen gas. With Equation 3.3 and the
82 Chapter 3. Strong outflow in an AKARI-selected ULIRG at z = 0.5
Figure 3.15: Left: The [Oiii] emission lines extracted from the central pixel before the
removal of PSF-convolved core component. Middle: The [Oiii] emission lines extracted from
the pixel 4 kpc from the center on South-West side, after the removal of PSF-convolved core
component. Right: The [Oiii] emission lines extracted from the pixel 4 kpc from the center
on North-East side, after the removal of PSF-convolved core component. The pink shadows
mark the 3σ level. The noise (σ) is estimated to be the scatter of the line-free regions in each
spectrum.
Figure 3.16: BPT diagram of J0916a with the SDSS galaxies with low (< 600 km s−1,
orange dashed contours) and high (> 600 km s−1, green solid contours) [Oii] velocity width.
The emission line ratios of J0916a calculated within the 4 kpc outflow region are shown in
blue (original) and green (core component removed), while the red and orange markers show
outside of the outflow region. AGN, composite and star-forming galaxy regions are separated
theoretically by solid (Kewley et al. 2001) and empirically by dashed (Kauﬀmann et al. 2003)
black curves.
3.5. Discussion 83
luminosity of Hα emission line:
LHα =
∫
V
jHα(ne, Te)nenHIIfHII dV
≃ jHα
[
nHII
ne
]
⟨n2e⟩fHIIV, (3.4)
the mass of the ionized gas can be calculated as:
Mion
108 M⊙
= 3.330× LHα
1043 erg s−1
( ne
100 cm−3
)−1
. (3.5)
In the derivation we take the assumptions: (a) helium gas is fully ionized and nHeIII =
0.1 × nHII, thus ne = nHII + 2nHeIII = 1.2 × nHII; (b) ⟨n2e⟩ = ⟨ne⟩2, i.e., all of the ionized
gas clouds possess the same density (Cano-Díaz et al., 2012). The emissivity jHα =
3.536 × 10−25 erg s−1 cm−3 is calculated with PyNeb (Luridiana et al., 2015) under the
typical temperature (Te = 104 K) and electron density (ne = 100 cm−3) of Hii regions and
AGN NLRs. The mass of the ionized gas can be similarly estimated using [Oiii] emission
line, whose luminosity can be derived by:
L[OIII] =
∫
V
j[OIII](ne, Te)nenOIIIfOIII dV
≃ j[OIII]
[
nOIII
nOion
] [
nOion
nHII
] [
nHII
ne
]
⟨n2e⟩fOIIIV, (3.6)
where nOIII is the density ofO2+ ions and nOion the total density of oxygen ions. In addition
to the assumptions (a)-(b) adopted in the estimation using Hα, following Cano-Díaz et al.
(2012) and Carniani et al. (2015) we also assume (c) nOion = nOIII, i.e., most of the oxygen
ions are in its doubly ionized form6; (d) nOion/nHII = nO/nH, i.e., oxygen and hydrogen gas
possess the same ionization degree, and nO/nH = [nO/nH]⊙ = 730±100 parts per million,
where [nO/nH]⊙ is the solar oxygen abundance (Centeno and Socas-Navarro, 2008); (e)
fOIIIV = fHIIV , i.e., the regions from which oxygen and hydrogen lines are emitted possess
the same size. The emissivity j[OIII] = 3.497×10−21 erg s−1 cm−3 is calculated using PyNeb
under the same condition as that assumed for Hα (ne = 100 cm−3, Te = 104 K). Combining
Equation 3.3 and Equation 3.6, we obtain the mass of the ionized gas as:
Mion
108 M⊙
= 4.613× L[OIII]
1044 erg s−1
( ne
100 cm−3
)−1
. (3.7)
The mass of the ionized outflowing gas is proportional to the intrinsic luminosity of
Hα and [Oiii], and inversely proportional to the electron density. In order to obtain the
intrinsic luminosity, the amount of dust extinction requires to be evaluated, which can be
estimated from the Hα /Hβ line ratio with the formula:
E(B − V ) = − 2.5
kHα − kHβ log10
[
LHα,obs/LHβ,obs
LHα,int/LHβ,int
]
, (3.8)
where the extinction curve, kλ = Aλ/E(B − V ), which is obtained from star-forming
galaxies, resulting in kHα = 3.33 and kHβ = 4.60 (Calzetti et al., 2000). We assume the
6If we consider the observed flux ratio of [Oiii] and [Oii] the actual nOIII/nOion is approximately 0.7,
which will lead to a larger estimation of ionized gas mass. In order to compare the results to those in the
literature (e.g., Harrison et al., 2012; Kakkad et al., 2016; Zakamska et al., 2016), we keep nOion = nOIII
in the proceeding calculations.
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intrinsic value of the Balmer decrement, LHα,int/LHβ,int, of 2.86, which corresponds to
the electron temperature of 104 K and electron density of 100 cm−3 assuming Case B
recombination (Osterbrock and Ferland, 2006). The ratio is commonly assumed for star-
forming galaxies in the literature (Groves et al., 2012; Domínguez et al., 2013). The color
excess is derived as E(B − V ) = 1.01± 0.30 from the narrow components of Hα and Hβ,
which is close to the typical amount of dust attenuation in the local U/LIRGs (Veilleux
et al., 1995; Alonso-Herrero et al., 2006; García-Marín et al., 2009) and DOGs (Hwang and
Geller, 2013). The SED fitting yields out higher color excess E(B − V )YSP = 1.49± 0.10
for the young stellar population. The structure of the dust extinction in ULIRGs was
found to be patchy and clumpy (García-Marín et al., 2009; Piqueras López et al., 2013),
and E(B − V )YSP = 1.49 possibly reflects the dust attenuation in dense molecular clouds
where the young stars are formed. Since the relationship between the dust extinction of
the stellar continuum and emission lines has not been concluded yet (Puglisi et al., 2016;
Lo Faro et al., 2017), we adopt E(B − V ) = 1.01 from the Balmer decrement to correct
for the dust extinction of the outflowing gas, with the formula:
Lcor = Lobs × 100.4×kλ×E(B−V ). (3.9)
Considering the projection eﬀect in the line of sight, and for the comparison to the
results in the literature, the total luminosity of [Oiii] including both of the unresolved
core component and extended component is used to evaluate the mass of the outflowing
gas 7. The luminosity of broad Hα is estimated from the spectral fitting decomposition
with both of the broad Hα and broad [Nii] components (see discussion in Section 3.3).
The [Sii] 6716Å 6731Å doublet of J0916a locates in the observed wavelength range with
severe contamination from night sky lines, thus the electron density is assumed to be
ne = 100 cm−3, which is a conventionally employed value for the estimation of ionized
outflowing gas mass (Liu et al., 2013; Kakkad et al., 2016; Toba et al., 2017). With the
extinction-corrected luminosity and the assumption of ne = 100 cm−3, the mass of the
ionized outflowing gas in J0916a is estimated to be Mout,Hα = 4.7 × 108 M⊙ from the
broad component of Hα, or Mout,[OIII] = 3.1× 108 M⊙ from the [Oiii] emission line. The
Mout,Hα/Mout,[OIII] ∼ 1.5 is consistent with the average ratio (∼ 3) of AGN outflows (Fiore
et al., 2017). The diﬀerence betweenMout,Hα andMout,[OIII] can be due to the assumptions
employed in Equation 3.7, e.g., nOion = nOIII possibly results in the underestimation of
Mout,[OIII].
In ionized gas clouds with constant density, the mass outflow rate can be derived
as M˙out = Mout × V˙ /V = Moutvout × A/V , where vout = w80/1.3 is the bulk outflow
velocity (Liu et al., 2013), and A/V is the surface-area-to-volume ratio, which depends on
the structure of the outflowing gas. Assuming the ionized outflowing gas in a spherically
symmetric sector (Fiore et al., 2017), we obtain A/V = ΩR2out/(ΩR3out/3) = 3/Rout, where
Ω is the opening angle and the Rout is the radius of outflow region. We employ Rout ∼ 4
kpc, which is estimated from the core-component-removed spectroscopy 2D image at 5σ
level. Then the mass outflow rate M˙out and energy ejection rate E˙out can be derived as:
M˙out =Moutvout × 3
Rout
, E˙out =
1
2
M˙outv
2
out, (3.10)
with the results of 560M⊙ yr−1 and 4.1×1044 erg s−1 from broad Hα line, or 370M⊙ yr−1
and 2.7× 1044 erg s−1 from [Oiii] line, respectively. The results reflect the instantaneous
7The integrated [Oiii] flux at 2.5–6.5 kpc contributes to approximately 35% of the total [Oiii] flux of
the galaxy. The estimated gas mass will decrease by 0.45 dex if only the gas in the spatially extended
component is considered in the calculation.
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feedback eﬀect from AGN and / or star formation activity in the radiusRout at the observed
time.
The estimation of M˙out and E˙out is based on a few assumptions and the results are
dependent on the definition of outflow velocity and kinetic power, the size of outflow
region, the correction for the PSF smearing eﬀect, the correction for dust extinction, as
well as the electron density. The derived E˙out are consistent with those estimated with
another conventional definition of kinetic power E˙out = M˙out
(
∆v2 + 3σ2
)
/2 (Holt et al.,
2006; Harrison et al., 2014), where ∆v = (v05 + v95)/2 (v05 and v95 are defined from
Equation 2.21) and σ = w80/2.355, within a factor of 0.6. Bae et al. (2017) reported an
outflow velocity estimate as v⋆out ≡ 2×
√
v2 + σ2, in which v and σ are the flux-weighted
average of the shifts and dispersions of the emission lines. If we calculate M˙out and E˙out
with the definition of v⋆out, the results increase by a factor of 1.5. M˙out and E˙out will
decrease by 0.45 dex if only the gas in the spatially extended component is considered in
the calculation. The uncertainty in the extinction correction using E(B−V ) = 1.01±0.30
can result in the variations of M˙out and E˙out by 0.4 and 0.5 dex for Hα and [Oiii] lines,
respectively. The assumption of the electron density, which is thought as the main source
of uncertainties in the calculation of ionized gas mass and hence the kinetic power of the
outflow, was widely discussed in the literature (Rodríguez Zaurín et al., 2013; Fiore et al.,
2017; Harrison et al., 2018). The typical value of ne for the AGN NLR is 50–1500 cm−3
(Peterson, 1997). 100–500 cm−3 was adopted in several papers (Cano-Díaz et al., 2012;
Harrison et al., 2014; Carniani et al., 2015; Kakkad et al., 2016; Fiore et al., 2017; Toba
et al., 2017) and roughly consistent with the result of [Sii] ratio of a luminous obscured
quasar (Perna et al., 2015). Rupke and Veilleux (2013) and Liu et al. (2013) employed a
lower density of 10 cm−3 for ionized outflowing gas clouds in a thin shell, which was found
in the superbubble in NGC 3079 (Cecil et al., 2001). On the contrary, Holt et al. (2011),
Rose et al. (2018), and Kawaguchi et al. (2018) reported that the density of outflowing
gas can reach as high as 103–105 cm−3. We have no direct constraint on ne for J0916a.
However, the critical density of [Oii] (∼ 104 cm−3, Osterbrock and Ferland, 2006) can be
considered as a proxy for the upper limit of ne. The large uncertainty of ne can result in
the uncertainty of the estimated gas mass and kinetic power of the outflow by one to two
orders of magnitude.
A method assuming an energy-conserving bubble in a uniform medium was also widely
adopted to evaluate the maximum energy ejection rates (Heckman et al., 1990; Veilleux
et al., 2005; Nesvadba et al., 2006; Harrison et al., 2012; Harrison et al., 2014). In the
scenario (Castor et al., 1975; Weaver et al., 1977), the fast inside wind induced by the
central engine release energy into a hot (T ≥ 106 K), low-density, and coronal shocked gas
bubble, where the radiative cooling loss is insignificant, by a constant rate, Lwind. The
adiabatically expanding shocked bubble sweeps up a warm (T ∼ 104 K), dense, and thin
shell into the ISM in the host galaxy. The mechanical luminosity of the inside AGN or
stellar wind, Lwind, can be estimated with the formula:
Lwind
1046 erg s−1
= 3.0×
( vout
1000 km s−1
)3( Rout
10 kpc
)2 n0
1 cm−3
, (3.11)
where n0 is the gas density of the undisturbed diﬀuse ISM, and we adopt n0 = 0.5 cm−3
following Nesvadba et al. (2006) and Harrison et al. (2014); Rout and vout are the same
as defined in Equation 3.10. Based on the calculation of Weaver et al. (1977), 55% of
the total feedback energy is released into the swept-up gas region, and 40%–70% of the
shell energy is converted to the kinetic energy of the swept-up gas as it collapse into a
thin shell through radiative cooling. Therefore the kinetic power of the swept-up ISM
corresponds to 22%–38% of the feedback energy, i.e., E˙out ≃ 0.30 × Lwind. For clarity,
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the kinetic energy ejection rates estimated from the uniform spherical sector model and
the energy-conserving bubble model, are named E˙sphk,out and E˙bubk,out, respectively. The E˙bubk,out
from [Oiii] lines is 2.6 × 1045 erg s−1, which should be considered as the upper limit of
the kinetic energy ejection rate because in the scenario it is assumed that all the ambient
ISM within Rout is entrained in the outflow and no filling factor is employed to reflect the
clumpiness of the ambient gas. If we adopt filling factor of 0.2, which is a typical value for
warm neutral medium (Hi) and warm ionized medium (Hii) of the Galaxy (Brinks, 1990),
the estimation of E˙bubk,out will decay by about one order of magnitude.
The estimated mass outflow rate (400–500 M⊙ yr−1, from the uniform spherical sector
model) is comparable to the star formation rate (990 M⊙ yr−1), leading to a mass loading
factor of η = M˙out/SFR ∼ 0.5, which implies the eﬃciency of the outflow to remove gas
from star-forming region. The co-existence of the strong outflow and intense star formation
indicates that the feedback of the outflow has not severely aﬀect the star-forming region of
the galaxy, although the outflow would be extended to kpc-scale. The probable explanation
can be that the axis of the outflow is perpendicular to the disk of the host galaxy. It is
also possible that the galaxy stays in the intermediate stage in which the feedback just
becomes eﬀective and begins to sweep out the ISM in the entire galaxy, i.e., on-set of a
quenching of star formation.
In order to discuss the dominant power source of the outflow further, we can compare
the input power from the AGN and star formation activity to the energy ejection rate
(Cicone et al., 2014; Kakkad et al., 2016; Harrison et al., 2018). The coupling eﬃciency
ϵf is defined as the fraction of energy from AGN or star formation that couples to the
surrounding gas. In the simulations of galaxy evolution with AGN feedback, ϵmf,AGN is
assumed to be from 0.5% (assuming hot gas fraction of 10%, Hopkins and Elvis, 2010)
to 20% (employed for AGN in the low-accretion mode, Weinberger et al., 2017), with
a typical value of 5%, which is estimated in Di Matteo et al. (2005) to reproduce the
normalization of the local MBH–σ relation. As for feedback from star formation activity,
the power provided by a starburst can be evaluated with the formula, PSF (erg s−1)
= 7 × 1041 SFR (M⊙ yr−1), by assuming that gas has a solar-metallicity and the mass-
loss rate and mechanical luminosity are constant beyond 40 Myr (Veilleux et al., 2005).
Combining with the empirical relationship of SFR (M⊙ yr−1) = 4.5×10−44 LdustIR (erg s−1)
(Kennicutt, 1998), we derive ϵmf,SF = PSF/LdustIR = 3.15%. From the SED fitting, we obtain
the AGN bolometric luminosity, LAGN = 1.78× 1045 erg s−1, as well as the star formation
contributed IR luminosity, LSF = LdustIR = 2.20 × 1046 erg s−1. Therefore the observed
kinetic coupling eﬃciency is E˙sphk,out/LAGN ∼ 20% and E˙sphk,out/LSF ∼ 2%, respectively.
Therefore, both AGN and star formation are suﬃcient to drive the strong outflow, but
larger coupling eﬃciency would be required for the AGN feedback case.
In order to compare the energy ejection rate of J0916a to that reported in the literature,
we collect the outflow samples from the local U/LIRGs and QSOs (Soto et al., 2012;
Arribas et al., 2014; Harrison et al., 2014), the DOGs and QSOs at intermediated redshifts
(Liu et al., 2013; Brusa et al., 2015; Kakkad et al., 2016; Toba et al., 2017), to the ULIRGs
and QSOs at high redshifts (Harrison et al., 2012; Carniani et al., 2015; Zakamska et al.,
2016; Bischetti et al., 2017). In majority of the samples, the LAGN is estimated with multi-
band SED fitting, except for Arribas et al. (2014)8, Liu et al. (2013)9, and Carniani et al.
(2015)10. For the galaxies in all of the reference samples, the masses of ionized outflowing
8The AGN contributions to the total luminosity of the galaxies in the sample of Arribas et al. (2014)
were not presented, we apply an average AGN fraction of 20% as mentioned in Section 4.2 of Arribas et al.
(2014).
9Liu et al. (2013) estimated LAGN using the rest 12 µm luminosity, νL12µm, and the bolometric
correction of 9 from Richards et al. (2009).
10Carniani et al. (2015) estimated LAGN using the empirical relation LAGN ≃ 6× λL5100.
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gas are estimated using Equation 3.5 for Balmer lines or Equation 3.7 for [Oiii] line, and
then the energy ejection rates, E˙sphk,out and E˙bubk,out, are re-calculated using Equation 3.10
and Equation 3.11, respectively. For illustrative purposes, we assume that in the uniform
spherical sector model, all of the galaxies possess the same electron density (ne = 100
cm−3) and electron temperature (Te = 104 K). In the energy-conserving bubble model,
we employ the kinetic fraction of feedback energy, i.e., E˙out ≃ 0.30 × Lwind, and assume
a filling factor of 0.2 to reflect the clumpiness of the ambient gas. The results are also
plotted in Figure 3.17.
J0916a possesses one of the strongest outflow among the galaxies at z < 1.6. However,
if we consider the bolometric luminosity of AGN (LAGN) from the SED fitting, the LAGN of
J0916a corresponds to only 1%–10% of LAGN of the galaxies with similar energy ejection
rate, which would indicate the largest coupling ratio (E˙out/LAGN) in the plotted objects
in Figure 3.17. In order to determine the status of the AGN activity, we also investigate
the Eddington ratio λEdd ≡ LAGN/LEdd of J0916a. The Eddington luminosity is defined
with (e.g., Rybicki and Lightman, 1979):
LEdd
1046 erg s−1
≡ 1.26× MBH
108 M⊙
. (3.12)
As for J0916a, the black hole mass MBH can be estimated from the total stellar mass M⋆
with an empirical relationship between MBH and M⋆ in the local universe (Reines and
Volonteri, 2015):
log10(
MBH
108 M⊙
) = 1.05× log10(
M⋆
1011 M⊙
)− 0.55. (3.13)
From the SED fitting we obtain the estimation of M⋆ = 9.46± 1.69× 1010 M⊙. Thus the
black hole mass and Eddington luminosity are estimated as MBH = 2.66 × 107 M⊙ and
LEdd = 3.35×1045 erg s−1, respectively. The Eddington ratio λEdd = 0.6 of J0916a locates
between those of ULIRGs /DOGs, which possess a super-Eddington accretion (e.g., 3.35,
Kawakatu et al., 200711 ; 2–3, Assef et al., 2015; ∼ 3, Toba et al., 2017), and nearby
QSOs, which show a sub-Eddington value (e.g., 0.09, Kawakatu et al., 2007).
The extremely powerful outflow associated with less luminous AGN in J0916a is puz-
zling. It is probable that the AGN bolometric luminosity (LAGN) of J0916a from the SED
fitting is underestimated. We compare the SED-based LAGN and [Oiii]-based LAGN for
this ULIRG and the reference sources in Figure 3.17, and the comparisons are plotted in
Figure 3.18. The bolometric correction factor of [Oiii] is 600 for extinction-corrected
sources and 3500 for extinction-uncorrected sources (Kauﬀmann and Heckman, 2009;
Lamastra et al., 2009). The luminosity ratio, log (LAGN,[OIII]/LAGN,SED), is 0.2 ± 0.6
for the reference sources, and 1.3 for J0916a, indicating the LAGN of J0916a estimated
from the extinction-corrected [Oiii] luminosity is about 20 times higher than that esti-
mated from the AGN-contributed IR luminosity. If we assume the [Oiii]-based LAGN,
then J0916a (shown as open stars in Figure 3.17) becomes close to the most luminous
high-z quasars with the strongest outflows in the E˙out–LAGN diagram, and the Eddington
ratio λEdd ≡ LAGN,[OIII]/LEdd ∼ 10 could be similar with that of the DOGs/ULIRGs with
super-Eddington accretion (Kawakatu et al., 2007; Assef et al., 2015; Toba et al., 2017).
The [Oiii]-based LAGN requires that the entire IR luminosity is owing to AGN, which is
hard to be reproduced by the current SED fitting templates, where the FIR peak is mainly
contributed by star formation heated dust. The hard X-ray observation is necessary to
determine the intrinsic power of the possible hidden AGN in J0916a.
11Note that Kawakatu et al. (2007) calculated the ratio of LtotIR /LEdd instead of LAGN/LEdd. The nuclear
starbursts (< 1 kpc) can contribute a fraction (< 30%) of the infrared luminosity for their ULIRG sample.
88 Chapter 3. Strong outflow in an AKARI-selected ULIRG at z = 0.5
Another probable explanation for the large outflow coupling ratio is that J0916a is
in the phase where the central AGN is less active than its peak epoch. The low IR
luminosity of AGN, which comes from the dusty torus in the vicinity (pc-scale) of SMBH,
would suggest the possibility that AGN is in a fading status; while the observed extreme
[Oiii] and [Oii] outflows would reflect a long-term eﬀect of the central engine during its
preceding active phase, due to the time-lag between AGN activity in a nuclear region and
outflow in an ionization cone (kpc-scale; Harrison, 2017). The traveling timescale of the
outflow in J0916a can be estimated as Rout/vout ∼ 3 Myr. Theoretical simulations (Novak
et al., 2011; Gabor and Bournaud, 2014) and observational investigations (Hickox et al.,
2014) imply that the accretion rates of SMBHs and AGN luminosities can vary by several
orders of magnitude in timescales of ∼ 1 Myr or less. In addition, several recent works
revealed a population of AGNs called ‘dying AGNs’, which show AGN signatures in large
spatial scale (e.g., radio jets and / or bright [Oiii] line in the kpc-scale NLRs), but lack the
features in small scale (e.g., weak or lack of X-ray and / or MIR emission), and indicate
the transient stage that the central engine was active in the past, but currently seems
quenched (Schawinski et al., 2010; Ichikawa et al., 2016, pp. 2017, 2019; Schirmer et al.,
2016). Both AGN variability and AGN quenching can be one of possible mechanisms of
the fading AGN scenario of J0916a.
It is also possible that star formation activity at least partially contributes to the
strong outflow. Although several studies presented that AGNs are required to accelerate
high-velocity winds (e.g., vmax = |vshift| + FWHM/2 ≥ 500 km s−1, Rupke et al., 2005;
Westmoquette et al., 2012; Arribas et al., 2014; Harrison et al., 2014), recently high-
velocity outflows traced by Mgii 2796Å 2803Å doublet absorption lines in galaxies with
intense star formation activity but weak or no AGN activity have been reported (Diamond-
Stanic et al., 2012; Bradshaw et al., 2013; Sell et al., 2014; Heckman and Borthakur,
2016). In these galaxies, the outflow originates from a compact star forming clouds with
eﬀective radius of several hundred parsecs. Heckman and Borthakur (2016) found that the
maximum outflow velocity (v02, 10–2500 km s−1) correlates with SFR (0.1–600 M⊙ yr−1)
and star formation rate density (SFRD, 0.1–5000 M⊙ yr−1 kpc−2). J0916a also locates on
the velocity-SFR relationship, with a fast outflow (v02 ∼ 1600 km s−1 for [Oiii]) and an
intense star formation activity (SFR = 990 M⊙ yr−1) comparable to the most extreme
starbursts in the sample of Sell et al. (2014) and Heckman and Borthakur (2016). Hence
we can not rule out the possibility that star formation activity contributes to the fast
outflow in J0916a, since the size of the star-forming region has not yet been constrained
based on the current observations.
3.6 Conclusion
In the spectroscopic follow-up observations of AKARI -selected FIR-bright, optically-faint
objects, one ULIRG, J0916a, shows signatures of an extremely strong outflow in its emis-
sion line profiles. Both of high- and low-ionization potential lines, e.g., [Oiii] and [Oii],
possess large velocity dispersions and shifts in relative to the stellar absorption lines, which
correspond to one of the fastest outflow among ULIRGs /DOGs at 0.3 < z < 1.0, and
are comparable to the obscured quasars at z ∼ 2. After the correction for a maximally
possible contribution from an unresolved core component, the long-slit spectroscopy 2D
image implies that the outflow could extend to radius of 4 kpc. However, the co-existence
of the strong outflow and vigorous starburst (SFR = 990 M⊙ yr−1) suggests that the star
formation has not yet been quenched by the outflow. The LAGNbol of J0916a estimated from
the SED fitting is only 5%–10% of LAGNbol estimated using the extinction-corrected [Oiii]
luminosity, which results in a large uncertainty in determinating the status of the AGN
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hidden in this ULIRG. Further observations are required in order to reveal the proper-
ties and origins of the outflow, e.g., hard X-ray observation to directly detect the intrinsic
AGN radiation, spectroscopy observation with higher spatial and spectral resolution to de-
termine the electron density in the outflowing gas, integral-field spectroscopy observation
to investigate the structure of the outflow, and sub-millimeter observation to determine
whether the warm ionized outflow really aﬀect the cold molecular gas reservoirs.
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Figure 3.17: Bottom-left: Energy ejection rates derived with the uniform spherical sector
model, E˙sphk,out, versus the AGN bolometric luminosities, LAGN. Bottom-right: E˙
sph
k,out versus
the star formation contributed IR luminosities LSF. Upper-left: Energy ejection rates derived
with the energy-conserving bubble model, E˙bubk,out, versus LAGN. Upper-right: E˙bubk,out versus
LSF. The results of J0916a estimated using [Oiii] and Hα are shown with violet and purple
filled stars, respectively. The error bars indicate the scatters of E˙sphk,out (∼ 0.5 dex) owing to
the uncertainties of line fitting and extinction correction. The open stars denote the LAGN
of J0916a estimated with the bolometric correction (Kauﬀmann and Heckman, 2009) to the
extinction corrected [Oiii] luminosity. The results of J0916a from [Oiii] and broad Hα lines
are separated by an oﬀset of 0.2 dex in the direction of x-axis. For reference, we also plot the
results of the local U/LIRGs and QSOs (Arribas et al., 2014; Soto et al., 2012; Harrison et al.,
2014), the DOGs and QSOs at intermediated redshifts (Liu et al., 2013; Toba et al., 2017;
Brusa et al., 2015; Kakkad et al., 2016) as well as the ULIRGs and QSOs at high redshifts
(Harrison et al., 2012; Carniani et al., 2015; Zakamska et al., 2016; Bischetti et al., 2017),
whose redshifts and emission lines used for estimating outflow velocities and luminosities are
listed in the legend. For the galaxies in all of the reference samples, the masses of ionized
outflowing gas are estimated with Equation 3.5 for Balmer lines or Equation 3.7 for [Oiii] line,
then the energy ejection rates, E˙sphk,out and E˙bubk,out, are re-calculated using Equation 3.10 and
Equation 3.11, respectively. In the uniform spherical sector model, it is assumed that all of the
galaxies have the same electron density (ne = 100 cm−3) and electron temperature (Te = 104
K). In the energy-conserving bubble model, we adopt the kinetic fraction of feedback energy,
i.e., E˙out ≃ 0.30 × Lwind, and employ a filling factor of 0.2 to reflect the clumpiness of the
ambient gas. In the case where the w80 are not available, we use the 1.08 × FWHM of the
outflowing components instead (for a single Gaussian profile w80 = 1.08 × FWHM). The
objects in the samples of Harrison et al. (2012, 2014), Liu et al. (2013), Brusa et al. (2015),
and Kakkad et al. (2016) only have lower limit of E˙sphk,out since the luminosities of outflowing
gas were not corrected for dust extinction. The dotted lines denote the energy ejection rate
corresponds to 0.01%–100% of the AGN or star formation luminosity. The dashed lines mark
the feedback coupling eﬃciencies predicted by the models (ϵmf,AGN = 5%, Di Matteo et al.,
2005; ϵmf,SF = 3.15%, Veilleux et al., 2005). The light cyan shadow shows the range of ϵmf,AGN
from 0.5% (Hopkins and Elvis, 2010) to 20% (Weinberger et al., 2017).
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Figure 3.18: The comparison between SED-based and [Oiii]-based AGN bolometric lumi-
nosity (LAGN). The ULIRG, J0916a, is shown with violet stars. The green solid and dotted
lines denote the linear fitting result and 1σ range for the sources form the literature. Other
legends are the same as those in Figure 3.17.
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Chapter 4
Summary and future work
The thesis aims to understand the stellar population and outflow properties of ULIRGs
to place observational constraints on the evolutionary path of ULIRGs. In Chapter 2,
we construct a 90 µm flux limited catalog of 1028 ULIRGs, which are selected from the
AKARI FIR all-sky survey by utilizing the SDSS optical and WISE MIR imaging data.
203 out of the 1028 ULIRGs are spectroscopically identified by SDSS and Subaru/FOCAS
observations, in which 149 ULIRGs possess galaxy dominated optical spectra. The sample
is unique since it is a statistical sample of FIR selected galaxies with reliable identification
from MIR pointing. Compared to the previous works about stellar population of ULIRGs
which focused on narrow-line objects (e.g., Hou et al., 2011), our ULIRG sample also
provides the unique opportunity to study the correlation of outflow and the evolution phase
of ULIRGs. A self-consistent spectrum-SED decomposition method has been developed
for a detailed analyses for the 149 ULIRGs with galaxy dominated spectra. They are
identified as the most massive galaxies (Mstar ∼ 1011M⊙-1012M⊙), associated with intense
star formation activity (SFR∼ 400M⊙ yr−1). 12 ULIRGs possess SFR exceeding 1000
M⊙ yr−1 and the ULIRG, J115458.02+111428.8, even shows SFR up to 5000 M⊙ yr−1,
indicating one of the most intense starbursts at z ∼ 0.5. The ULIRGs cover a large range
of AGN activity, with bolometric luminosity from 1010 L⊙ to 1013 L⊙, and the outflow
velocity measured from [Oiii] 5007Å emission line shows a significant correlation with the
AGN bolometric luminosity. Several galaxies show extremely fast outflow with vout close
to 2000 km s−1. The outflow velocity of five ULIRGs even exceeds the escaping velocity of
the halos. However, the co-existence of the strong outflow and vigorous starburst suggests
that the star formation has not yet been quenched by the outflow during the ULIRG phase.
By deriving distributions of stellar mass, SFR, mass fraction of young stellar population,
and dust extinction, we find no significant discrepancies between the properties of stellar
population in ULIRGs with weak and powerful AGN. The results do not support the
merger-induced evolutionary scenario, which suggests that the early-stage SF dominated
ULIRGs show younger stellar populations and smaller stellar mass compared to the late-
stage AGN dominated ULIRGs. One possible explanation is that the timescale of the
phase transition from SF dominated to AGN dominated ULIRGs is much shorter than
the lifetime of ULIRGs (i.e., the duration of intense starbursts).
In Chapter 3, we report the finding of an interesting ULIRG, J091624.75+073021.8,
which is identified in the FOCAS follow-up observation and indicates signatures of an
extremely strong outflow in its emission line profiles. Its [Oiii] 5007Å emission line shows
FWHM of 1830 km s−1 and velocity shift of −770 km s−1 in relative to the stellar ab-
sorption lines. Furthermore, low-ionization [Oii] 3726Å 3729Å doublet also shows large
FWHM of 910 km s−1 and velocity shift of −380 km s−1. The long-slit spectroscopy 2D
image makes it possible to study the spatial extent of the fast outflow and we find that
the outflow extends to radius of 4 kpc. The mass outflow and energy ejection rates are
estimated to be 500 M⊙ yr−1 and 4 × 1044 erg s−1, respectively, which imply that the
outflow is among the most powerful ones observed in ULIRGs and QSOs at 0.3 < z < 1.6.
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However, the central AGN activity estimated from the SED decomposition is relatively
weak, compared to the ULIRGs and QSOs with similar energy ejection rates. One possi-
ble scenario is that currently the AGN is in a fading status, while the outflow reflects a
historical eﬀect of the central engine. This scenario suggests a diﬀerent picture, i.e., the
AGN decays with ongoing intense star formation, from the scheme of the merger-induced
evolution scenario, indicating that the cumulative eﬀect of AGNs feedback on the host
galaxy could be limited.
It is clear that considerable uncertainties remain in the evolutionary path of ULIRGs,
which results in a number of follow-up projects to address these outstanding questions:
(1) The majority of the AKARI selected ULIRGs are star formation dominated, only
45(/149) ULIRGs show fAGN > 0.10 and 9(/149) ULIRGs show fAGN > 0.75. The sample
with limited size enlarges the scatters in the properties of the AGN dominated ULIRGs.
The large fraction of the star formation dominated ULIRGs can be caused by the bias due
to the relative shallow depth of AKARI all-sky FIR survey (440 mJy at 90µm), because the
SED of AGN dominated ULIRGs is expected to be MIR dominated with relatively weak
FIR radiation. Deeper FIR/submm surveys conducted by Herschel satellite can shed
light on the FIR-faint AGN dominated ULIRG population. Following a similar cross-
matching method, we construct a Herschel selected sample of 429 ULIRGs with galaxy
dominated optical spectra. The same self-consistent spectrum-SED decomposition method
is applied to the Herschel ULIRG sample and the resulting total bolometric luminosities
of the galaxy and AGN bolometric contribution are shown in Figure 4.1. The preliminary
results suggest 102 out of the 429 ULIRGs show fAGN > 0.5. The detailed analyses on
the enlarged sample can be helpful for better constrain the evolutionary path of ULIRGs
to the AGN dominated phase.
(2) As we discussed in Section 2.4.4, the estimation of AGN bolometric luminosity from
the MIR bolometric luminosity is with large uncertainty and depends on the geometric
properties of the torus (e.g., the opening angle of the torus). The spectral-SED analyses
for type-1 ULIRGs can provide an indirect constraint on the AGN properties in type-
2 ULIRGs. In particular, hard X-ray emission, which can penetrate large gas column
densities, are direct distinguishing indicators of a buried AGN. Fortunately, our NuSTAR
proposal for the observation of J091624.75+073021.8 has been accepted, which can provide
the crucial opportunity to reveal the mysteries between the extremely strong outflow and
the relatively weak AGN of the interesting ULIRG. Other ULIRGs in our sample, which
show powerful outflows and vigorous starbursts (e.g., J112657.76+163912.0), can also be
good candidates for future X-ray follow-up observation. The multi-band identifications
for diﬀerent types of ULIRGs could enrich our understanding of ULIRG populations as
well as the evolutionary sequence of ULIRGs.
(3) We also discussed the possible eﬀect of AGN-heated galactic scale dust on the
estimation of the properties of the ULIRGs in Section 2.5.4. A quenching pattern, i.e.,
SFR decreases as AGN becomes luminous, appears in the extreme case, in which the AGN
is highly obscured by kpc-scale dust. The large-scale AGN-heated dust could highly aﬀect
the estimation of the SFR as well as the bolometric luminosity of AGN simultaneously,
which involves large uncertainties in the analyses of the properties of ULIRGs. The sub-
millimeter interferometric observation, e.g., ALMA, to determine the dust environment
around AGN is required to address the issue.
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Figure 4.1: Distribution of total bolometric luminosities of the galaxy (x-axis) and AGN
bolometric contribution (y-axis) of AKARI - (blue) and Herschel-selected ULIRG sample (or-
ange).
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Appendix A
The parameters used in the optical
spectral fitting
Table A.1: The parameters AGN’s continuum components.
Component Parameter Range Fixed/Tied
Power-law cont. normalization
extinction E(B − V ) [0, 3] Yes
bending wavelength λ0 obs. wavelength range
slope at blue end α1 −1.76± 0.5
slope at red end α2 −0.44± 0.5
curvature 100 Yes
Balmer cont. norm. of continuum part
norm. of blended high-order lines
velocity shift (km s−1) [-1000, 1000] Yes
velocity FWHM (km s−1) [ 1000, 3000] Yes
extinction E(B − V ) [0. 3] Yes
electron temperature (K) [7500, 30000]
electron dentisy (cm−3) 109 Yes
optical depth at Balmer edge 0 Yes
Feii cont. normalization
velocity shift (km s−1) [-1000, 1000]
velocity FWHM (km s−1) [ 1000, 3000]
extinction E(B − V ) [0. 3] Yes
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Table A.2: The parameters of host galaxy’s continuum components.
Component Parameter Range Fixed/Tied
MS cont. normalization
velocity shift (km s−1) [-500, 500]
velocity FWHM (km s−1) [ 100, 500]
extinction E(B − V ) [0. 3]
maximum stellar age (Myr) [1000, Age of universe]
minimum stellar age (Myr) 0.1 Yes
expotential timescale (τSF, Myr) 1000 Yes
metallicity (Z⊙) 1 Yes
TSB cont. normalization
velocity shift (km s−1) [-500, 500] Yes
velocity FWHM (km s−1) [ 100, 500] Yes
extinction E(B − V ) [0. 3] Yes
maximum stellar age (Myr) [30, 300]
minimum stellar age (Myr) 0.1 Yes
expotential timescale (τSF, Myr) -1 Yes
metallicity (Z⊙) 1 Yes
1SFH with a constant SFR is assumed for TSB.
Table A.3: The parameters of emission line components.
Component Parameter Range Fixed/Tied
Narrow line normalization -1
velocity shift (km s−1) [ -500, 500] -1
velocity FWHM (km s−1) [ 100, 1000] -1
extinction E(B − V ) [0. 3] -2
Broad line normalization -1
velocity shift (km s−1) [-1500, 500] -1
velocity FWHM (km s−1) [ 1000, 3000]3 -1
extinction E(B − V ) [0. 3] -2
1The fluxes and velocities of Balmer lines and other doublet emisison lines are tied,
respectively. See Section 2.3.1 and Table 2.2 for details.
2See Table 2.3 for details.
3The upper limit is 10000 km s−1if the spectrum is quasar identified.
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Appendix B
Individual objectes with extremely fast
outflow
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Figure B.1: Best-fit spectral (left) and SED decomposition (right) results of a ULIRG,
J091624.75+073021.8. a ULIRG shows outflow velocity of v = 2049 km s−1, which exceeds
the escaping velocity of the halo. The legends in the left panel are the same as those used in
Figure 2.13. The legends in the right panel are the same as Figure 2.18.
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Figure B.2: Best-fit spectral (left) and SED decomposition (right) results of a ULIRG,
J112531.90+290311.3. a ULIRG shows outflow velocity of v = 1455 km s−1, which exceeds
the escaping velocity of the halo. The legends in the left panel are the same as those used in
Figure 2.13. The legends in the right panel are the same as Figure 2.18.
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Figure B.3: Best-fit spectral (left) and SED decomposition (right) results of a ULIRG,
J144104.38+532008.7. a ULIRG shows outflow velocity of v = 1755 km s−1, which exceeds
the escaping velocity of the halo. The legends in the left panel are the same as those used in
Figure 2.13. The legends in the right panel are the same as Figure 2.18.
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Figure B.4: Best-fit spectral (left) and SED decomposition (right) results of a ULIRG,
J160933.41+283058.4. a ULIRG shows outflow velocity of v = 1528 km s−1, which exceeds
the escaping velocity of the halo. The legends in the left panel are the same as those used in
Figure 2.13. The legends in the right panel are the same as Figure 2.18.
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Figure B.5: Best-fit spectral (left) and SED decomposition (right) results of a ULIRG,
J090307.84+021152.1. a ULIRG shows outflow velocity of v = 1679 km s−1, which is smaller
than the escaping velocity of the halo. The legends in the left panel are the same as those
used in Figure 2.13. The legends in the right panel are the same as Figure 2.18.
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Figure B.6: Best-fit spectral (left) and SED decomposition (right) results of a ULIRG,
J094100.81+143614.5. a ULIRG shows outflow velocity of v = 1878 km s−1, which is smaller
than the escaping velocity of the halo. The legends in the left panel are the same as those
used in Figure 2.13. The legends in the right panel are the same as Figure 2.18.
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Figure B.7: Best-fit spectral (left) and SED decomposition (right) results of a ULIRG,
J112657.76+163912.0. a ULIRG shows outflow velocity of v = 2061 km s−1, which is smaller
than the escaping velocity of the halo. The legends in the left panel are the same as those
used in Figure 2.13. The legends in the right panel are the same as Figure 2.18.
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Figure B.8: Best-fit spectral (left) and SED decomposition (right) results of a ULIRG,
J204837.26-002437.2. a ULIRG shows outflow velocity of v = 1544 km s−1, which is smaller
than the escaping velocity of the halo. The legends in the left panel are the same as those
used in Figure 2.13. The legends in the right panel are the same as Figure 2.18.
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